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DETERIORATION  OF  SYNTHETIC  FI3ER  ROPE 


BL. 


DURING  MARINE  USAGE 


1.  GENERAL  INTRODUCTION 

This  three-year  program  was  initiated  on  a  limited  basis 
in  October  1980.  By  February  1,  1982,  three  distinct  labora¬ 
tory  groups  at  M.I.T.  had  become  active  in  various  phases  of 
the  study.  Cooperating  groups  included  the  Polymers  Labora¬ 
tory  of  the  Department  of  Materials  Science  and  Engineering, 
aa  well  as  the  Composite  Materials  and  Nondestructive  Evalua¬ 
tion  Laboratory  and  the  Fibers  and  Polymers  Laboratory  of  the 
Department  of  Mechanical  Engineering. 

OBJECTIVES  OF  PROGRAM 

The  overall  objectives  of  this  three-year  program  are: 

•  To  identify  the  sources  and  corresponding  rates  of 
deterioration  of  mechanical  properties  during 
usage  or  storage  of  synthetic-fiber  marine  cordage. 

•  To  evaluate  or  develop  nondestructive  tests  capable 
of  detecting  and  quantifying t 

(a)  average  rope  deterioration  due  to  general 
stress  applications  and  to  overall  exposure, 

(b)  loaal  deterioration  due  to  excessive 
stresses  incurred  during  handling. 

•  To  analyze  and  verify  experimentally  the  modes  of 
local  deformation  and  the  stress  distributions  which 
occur  in  rope  structures  during  usage  under  various 
marine  conditions. 


■  Based  on  results  obtained  above,  prepare  recommenda¬ 
tions  relating  to: 

(a)  development  of  nondestructive  test  devices 

for  shipboard  evaluation  of  rope  deterioration, 

(b)  development  of  new  material/structural 
combinations  to  enhance  rope  behavior  and  to 
reduce  deterioration  rates, 

(c)  modification  of  usage  and  handling  procedures 
to  extend  the  safe  life  of  marine  ropes. 
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RESEARCH  PLAN 


The  research  plan  of  the  study  is  subdivided  into  seven 
phases  as  follows: 

(1)  Survey  of  (a)  rope  literature  to  identify  mechanisms 
of  failure  and  (b)  textile  literature  to  determine 
treatment  of  similar  problems  in  apparel  and  indus¬ 
trial  materials. 

(2)  "Pathological"  study  of  worn  ropes  to  confirm 
presence  of  failure  mechanisms  cited  in  rope  and  tex¬ 
tile  literature  and  to  identify  new  modes  of  deterio¬ 
ration. 

(3)  Development  of  nondestructive  evaluation  methods  to 
identify  (a)  local  faults,  (b)  uniform  degradation. 

(4)  Analytical  studies  of  deformation  modes  and  stress 
distributions  during  typical  rope  loading  proce¬ 
dures. 

(5)  Investigation  of  the  role  of  stress-corrosion  crack¬ 
ing  in  fiber-deterioration. 

(6)  Experimental  studies  to  confirm  predicted  deformation 
modes  and  stress  distributions. 

(7)  Preparation  of  design  recommendations  for: 

(a)  NDE  techniques  for  shipboard  use, 

(b)  new  mater ial/structures  combinations, 

(c)  modification  of  rope  usage  and  handling 
procedures . 

SUMMARY  OF  PROGRESS 

This  section  contains  the  individual  executive  summaries 
of  progress  to  date  in  each  of  the  study  phases  which  were 
active  during  the  first  year  of  the  program. 


Environmental  Degradation  of  Nylon  and  Polyester 


A  critical  evaluation  of  the  literature  in 


A  critical  evaluation  of  concepts  and  results  discussed  in 
the  literature  on  environmental/chemical  degradation  of  nylon 
and  of  polyester  is  presented,  with  emphasis  on  investigations 
that  may  be  relevant  to  the  problems  of  rope  degradation  in 
use.  The  objective  is  to  provide  a  basis  for  enhanced  under¬ 
standing  of  the  role  of  chemical  and  structural  changes  of 
fibers  in  the  deterioration  of  rope  properties  during  use. 
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The  effects  of  ultraviolet  radiation,  of  oxygen,  and  of 
aqueous  environments  on  the  chemical  degradation  of  nylons  and 
of  polyester  have  been  studies  in  depth  by  many  investigators; 
some  of  the  important  variables  have  been  defined,  and  attempts 
have  been  made  to  establish  correlations  between  observed 
changes  in  the  chemical  structure,  or  in  the  supramolecular 
structure,  and  specific  properties  of  polymers  or  fibers.  It 
is  extremely  difficult,  however,  to  apply  the  results  obtained 
and  knowledge  gained  in  laboratory  experiments  under  controlled 
conditions  to  the  realistic  situation  of  ropes  in  ocean  engineer¬ 
ing  applications. 

This  report  summarizes  current  knowledge  on  the  mechanisms 
of  chemical  degradation  of  primary  importance  in  nylon  and  in 
polyester,  and  on  the  numerous  variables  which  must  be  con¬ 
sidered  in  interpreting  results  of  exposure  to  environments 
causing  degradation.  In  the  case  of  exposure  to  ultraviolet 
radiation,  it  has  been  shown  that  in  the  presence  of  oxygen, 
photochemical  degradation  of  polyamides  and  of  polyesters 
involves  photosensitized  oxidation  processes  in  which  chain 
scission  is  the  dominant  degradative  reaction.  Chain  scission 
is  reflected  in  decreased  average  molecular  weight  of  polymer 
chains,  and  is  accompanied  by  microstructural  changes  and  by 
changes  in  mechanical  properties  which  have  particular  signifi¬ 
cance  in  the  case  of  fibers.  Photochemical  degradation  is 
accelerated  in  the  presence  of  titanium  dioxide  delustrant.  It 
can  also  be  retarded  or  inhibited  by  fiber  additives  which  op¬ 
erate  by  one  of  several  mechanisms. 

In  the  case  of  interaction  with  aqueous  media,  the  changes 
that  occur  in  fibers  as  a  result  of  exposure  to  high  relative 
humidity,  or  of  immersion  in  water,  or  of  prolonged  contact  with 
solutions  of  specific  inorganic  salts  can  accelerate  the  degra¬ 
dative  effects  of  other  factors  under  some  conditions. 

The  experimental  assessment  of  environmental  degradation 
in  fibers  requires  consideration  of  changes  on  a  molecular 
level,  and  on  the  level  of  supramolecular  structure.  Methodol¬ 
ogy  for  evaluation  includes  analysis  of  specific  functional 
groups  by  instrumental  techniques;  measurements  of  molecular 
weight  averages  and  of  molecular  weight  distribution;  evaluation 
of  moisture  response,  swelling,  and  dye  diffusion;  scanning 
electron  microscopy;  and  assessment  of  mechanical  properties. 

The  correlation  of  the  conditions  of  exposure  with  the  extent 
of  degradation  can  be  attempted  in  laboratory  experiments 
carried  out  on  well  characterized  materials  under  controlled 
conditions.  For  materials  exposed  to  degradative  environments 
in  use,  the  methods  of  evaluation  and  criteria  indicated  may  be 
used  with  reference  to  appropriate  controls,  only  to  suggest 
the  magnitude  of  change  over  specified  periods  of  usage. 


Pathological  Study  of  Worn  Ropes 
Structural  Composition  of  Used  Ropes 

Each  of  the  worn  ropes  selected  for  study  in  this  first 
year  has  been  analyzed  as  to  its  structural  composition.  The 
step-by-step  build-up  of  the  rope,  starting  with  the  fiber 
producers*  basic  yarn,  has  been  documented.  While  most  of  the 
3-strand  lines  had  the  same  basic  structure  and  were  composed 
throughout  of  a  given  singles  and  plied  yarn,  one  rope  was 
observed  to  use  different  sized  yarns  in  the  strand  core  vs.  the 
peripheral  section  of  the  strand.  The  base  filament  employed 
in  most  ropes  studied  was  6-denier,  high  tenacity  (bright)  nylon 
66,  although,  in  the  case  of  two  ropes,  other  deniers  were  used — 
13-denier  and  8-denier.  One  rope  was  composed  of  nylon  6  fila¬ 
ments  and  another  of  polyester. 

Tensile  Properties 

The  purpose  of  these  studies  of  the  tensile  properties  of 
fibers  and  yarns  taken  from  worn  ropes  has  been  to  provide  em¬ 
pirical  data  on  local  rope  deterioration  during  marine  usage 
and  to  furnish  the  basis  for  formulating  3  realistic  model  of 
ropes  in  service  to  be  used  in  subsequent  applied  mechanics 
studies.  Both  short  span  (0.5-in)  and  long  span  (8-in  to  12-in) 
tensile  tests  were  conducted. 

The  short  span  tests  were  used  to  probe  the  extent  and 
distribution  of  tensile  loss  over  the  cross  section  of  the  rope 
at  a  given  location  along  its  length.  Short  span  tests  were 
again  employed  to  determine  the  distribution  of  residual  fila¬ 
ment  strength  along  the  lengths  of  selected  yarns  in  a  full 
twist  period  in  the  rope  structure.  Such  tests  were  conducted 
at  various  locations  over  the  rope  cross  section.  Long  span 
tests  were  then  carried  out  to  identify  the  distribution  and 
severity  of  weak  spots  along  8-in  to  12-in  yarn  lengths  ex¬ 
tracted  from  inner  and  outer  sections  of  the  rope.  And,  in  one 
case,  repeat  tests  were  made  on  already  tested  filament  lengths 
to  identify  a  second  weak  spot. 

The  data  indicate  that  core  fibers  of  the  3-strand  ropes 
manifest  fairly  constant  values  of  tensile  strength  along  their 
length  and  fiber  rupture  locations  are  spread  uniformly  along 
the  8-in  to  12-in  lengths.  Tensile  rupture  locations  in  layers 
closer  to  the  strand  surface  are  no  longer  uniformly  spread 
along  the  filament  lengths.  At  the  surface,  and  ,  in  some  cases, 
at  the  first  sublayer  of  the  strand,  the  average  tensile  value 
decreases  significantly,  the  spread  of  breaking  strength  in¬ 
creases  markedly  and  the  failure  locations  tend  to  congregate. 
Such  groupings  can  reflect  either  highly  concentrated  damage  due 
to  local  external  wear,  or  periodic  damage,  indicating  more  uni¬ 
form  external  deterioration  condition  interacting  with  the 
periodic  geometric  availability  of  the  yarns  at  the  rope  surface. 


In  double  braided  ropes,  filaments  taken  from  the  inside  of 


plied  yarns  of  the  rope  core  manifest  higher  strengths  than 
those  from  the  surface  layers  of  the  same  yarns.  The  inner  zone 
fibers  also  display  a  more  uniform  spread  of  rupture  locations. 
Distinct  rupture  location  groupings  for  the  outer  zone  filaments 
of  the  rope  core  yarns  reflect  the  likelihood  of  internal  rope 
abrasion  between  outer  surface  fibers  of  the  core  and  the  inner 
surface  of  the  cover  braid. 

Evidence  of  the  role  of  internal  rope  abrasion  is  also  seen 
in  the  data  from  short  span  tests  taken  over  the  cross  section  of 
some  3-strand  ropes.  In  particular,  filaments  extracted  from  the 
closely  packed  "hard11  spots  in  the  surface  and  subsurface  strand 
layers  (at  rope  center  locations)  show  strength  reductions, 
which,  in  some  cases,  are  significant.  Microscopic  examination 
confirms  that  internal  abrasion  does  contribute  to  these  reduc¬ 
tions  . 


The  goal  of  these  first  year  mechanical  pathological  studies 
has  been  reached  to  a  reasonable  extent  and  sufficient  data  are 
now  at  hand  to  enhance  further  studies  of  rope  mechanics.  It  is 
expected  that  some  limited  studies  of  filament  damage  distribution 
will  be  continued,  particularly  in  the  case  of  rope  samples  for 
which  more  precise  wear  and  exposure  histories  are  available. 

Molecular  Weight  Studies 

The  purpose  of  the  molecular  weight  measurements  was  to 
establish  whether  there  is  prime  facie  evidence  of  chemical 
degradation  (chain  scission)  for  fibers  in  regions  of  maximum 
wear,  in  which  visual  and  microscopic  observation  and  testing  of 
mechanical  properties  suggest  that  extensive  degradation  may  have 
occurred  in  use.  After  initial  trials  with  various  analytical 
systems,  it  was  decided  to  use  Gel  Permeation  Chromotography 
(GPC)  for  determination  of  molecular  weight  changes,  a  method 
capable  of  providing  precise  and  reproducible  number-average 
(Hn)  end  weight-average  (H^)  molecular  weight  values,  as  well 
as  a  measure  of  polydispersity  index  relating  to  the  broadness 
of  the  molecular  weight  distribution.  Samples  of  unused  rope, 
comparable  age  and  similar  filaments  were  not  available  for  use 
as  controls  in  these  tests.  Accordingly,  it  was  decided  to  use 
the  GPC  values  for  the  core  fibers  of  the  strands  as  a  control 
"stand-in".  And  fiber  specimens  were  then  selected  from  various 
locations  in  the  worn  ropes  for  the  GPC  evaluation  of  molecular 
weight  parameters.  Conclusions  of  the  GPC  studies  are  as 
follows  t 

Use  of  strand-core  Mn  data  as  a  basis  L: or  normalized  com¬ 
parisons  of  changes  in  number  average  molecular  weights  is  a 
valid  procedure.  This  follows  from  the  observation  that  differ¬ 
ences  in  ffn  values  for  strand  core  fibers  of  ropes  varying  in 
age  from  3  to  16  years  are  well  within  the  range  of  experimental 
error  about  their  mean.  Similarly,  the  average  Mn  lor  the  one 
nylon  66  rope  tested  is  not  significantly  greater  than  the  mean 
Hfo  of  the  core  fibers  of  the  older,  worn  ropes. 


Fibers  taken  from  the  outermost  surface  of  worn  ropes 


3  and  4  year"  old  did  not  evidence  significant  reductions  in  Mn 
as  compared  to  strand  core  fibers  from  corresponding  ropes. 

Consistently  significant  reductions  in  Mn  are  not  observed 
in  fibers  taken  from  the  underpart  of  the  exposed  surface  yarns 
and  from  the  first  subsurface  layers. 

On  the  basis  of  published  results  for  the  correlation 
between  effect  of  UV  exposure  on  ffn  and  bn  tensile  strength, 
it  is  concluded  that  chain  scission  is  an  important  component 
in  the  deterioration  of  outermost  fiberB  in  the  marine  ropes. 

(It  has  been  suggested  that  the  per  cent  loss  in  due  to  UV 
exposure  may  be  multiplied  2.5  times  to  provide  an  estimate  of 
the  corresponding  loss  in  tensile  strength. ) 

The  fact  that  measured  losses  in  tensile  strength  exceed 
the  losses  thus  estimated  in  5  out  of  6  of  the  "old"  ropes,  would 
suggest  that  chemical  scission  is  not  the  sole  factor  in  de¬ 
terioration  of  the  outermost  fibers.  Mechanical  action  must 
contribute  the  remaining  damage,  as  is  evidenced  in  Scanning 
Electron  Microscopy  studies. 

The  absence  of  control  specimens  and  the  lack  of  detailed 
information  on  aatual  exposure  (UV,  immersion,  and  mechanical) 
of  each  rope  precludes  the  generalization  of  conclusions  in  a 
form  more  useful  for  marine  applications.  Further  chemical 
tests  are  warranted  based  on  other  techniques  as  cited  in  the 
literature  survey  of  Section  2. 

Differential  Scanning  Calorimetric  Measurements  (DSC) 

DSC  measurements  were  made  on  all  specimens  of  rope 
studied  in  the  program.  The  data  confirm  the  presence  of  one 
nylon  6  specimen  among  the  worn  rope  and  one  polyester,  the 
remainder  being  nylon  66.  Additional  information  furnished 
reflects  on  differences  in  crystal  structure,  a  subject  to  be 
studied  further  in  the  coming  year. 

Effect  of  Water  Immersion 


The  effect  of  water  immersion  at  various  temperatures  is 
well  documented  in  the  literature  as  relates  to  textile  proc¬ 
essing.  However,  most  of  this  information  deals  with  water 
immersion  at  high  temperatures  for  relatively  short  times  and 
under  light  loads.  In  applications  of  synthetic  fibers  to  marine 
ropes,  the  immersions  are  at  lower  temperatures  for  long  periods 
and  under  relatively  heavy  loads,  both  axial  and  lateral  (to  the 
filament) .  To  date  only  preliminary  data  have  been  obtained  con¬ 
cerning  immersion  behavior,  but  enough  to  indicate  some  reduction 
in  breaking  strengths  and  elongations  as  a  result  of  heavy  load 
immersion  in  fresh  or  in  sea  water.  In  contrast,  long  term 
heavy  loading  of  filaments  in  air  does  not  appear  to  affect 
strength  to  a  significant  degree  but,  as  expected,  subsequent 
elongations  to  rupture  aro  noticeably  reduced.  There  is  some 
fractography  evidence  of  structural  changes  in  the  filament  in 


heavy-load  sea-water  Immersions,  but  considerably  more  work  is 
required  for  definitive  answers.  Finally,  it  appears  that  resid¬ 
ual  shrinkage  of  filaments  from  worn  specimens  varies  signifi¬ 
cantly  with  position  in  3-strand  rope— a  subject  which  will  be 
considered  further  in  future  studies. 


Microscopic  Studies 

Microscopic  studies  of  the  ten  worn  rope  specimens  have 
documented  the  various  types  of  degradation  which  occur  during 
marine  usage  of  synthetic  fiber  lines.  The  appearance  of  fila¬ 
ments  at  the  outermost  location  of  the  3-strand  twisted  rope 
Varies  from  strand  to  strand,  sometimes  manifesting  an  encrusta¬ 
tion  and  coating,  or  surface  attack.  Etching  is  seen  in  some 
fibers  leading  to  a  porous  spongy  structure.  Surface  gouging, 
abrasion,  and/or  filament  crushing  are  frequently  in  evidsnoe. 

In  many  cases,  photomicrographs  are  accompanied  by  filament 
load-elongation  curves,  to  permit  a  subjective  correlation 
between  the  extent  of  filament-surface  encrustation  or  other 
non-mechanical  filament  modifications  and  stresa/strain  behavior. 
Fractography  studies  show  a  marked  conversion  in  surface-exposed 
filaments  from  the  scallop-shaped  crack  spreading-failure  of  a 
new  synthetic  fiber  to  the  cup  and  cone,  sheath/core,  longitudinal 
splitting  and  occasional  brittle  failure  characteristic  of 
chemically  or  photochemically  degraded  fibers. 

It  has  also  been  demonstrated  that  filaments  in  relatively 
protected  sections  of  the  rope  can  undergo  significant  mechanical 
damage  through  friction  and  filament-filament  abrasion.  Depending 
on  the  location  in  the  rope  cross-section,  this  typo  of  mechanical 
attrition  can  take  place  in  soma  cases  with  little  accompanying 
contamination.  In  other  cases,  the  presence  of  sand,  grit,  and, 
possibly,  salt  deposits  adds  to  the  intensity  of  mechanical 
attack. 

Finally,  it  is  seen  that  internal  pressures  within  the 
rope  center,  i.e.  between  strands,  can  bo  so  intense  as  to  cause 
"welding"  of  parallel  filaments,  adding  locally  to  the  bending 
rigidity  of  the  rope  and  focusing  frictional  damage  to  fibers 
at  the  boundaries  of  the  "welded"  zones.  Such  pressures  often 
result  in  lateral  filament  compression  and  in  locations  where 
filaments  are  not  parallel,  to  embossing  of  individual  fibers. 

Such  compression/embossing  is  sometimes  accompanied  by  the  open¬ 
ing  of  surface  cracks  in  the  filament  and,  in  extreme  cases,  to 
significant  reductions  in  filament  strength. 


Nondestructive  Evaluation  of  Synthetic  Rope 

Preliminary  nondestructive  (NDE)  characterizations  have 
been  obtained  from  new  Samson  double-braided  2-in-l,  0.635  cm 
(1/4-in)  diameter  nylon  rope  in  the  dry  condition  at  room  tem¬ 
perature.  The  NDE  techniques  so  far  considered  include  ultra¬ 
sonics  and  acoustic  emission  (AE). 

In  ultrasonic  attenuation  testing  where  the  transmitting 
and  receiving  transducers  are  on  the  side  along  a  straight  line 
on  the  rope,  the  output  signal  amplitude  decreases  with  in¬ 
creasing  frequency  and  increases  with  increasing  rope  tension 
in  an  unflawed  rope.  In  ultrasonic  "stress  wave  factor"  (SWF) 
testing,  a  correlation  is  found  between  the  SWF  and  the  load 
level  at  which  the  measurement  is  taken  if  the  load  level  is 
normalized  with  respect  to  the  ultimate  load  of  each  individual 
rope  sample  having  various  numbers  of  out  core  yarns. 


In  AE  testing,  a  parameter  called  the  "AE  load  delay"  has 
been  defined  as  the  tensile  load  required  to  produce  a  speci¬ 
fied  low  baseline  level  of  the  AE  activity.  It  has  been 
observed  that  the  AE  load  delay  can  be  correlated  with  the 
ultimate  rupture  load  of  ropes  having  various  numbers  of  cut 
core  yarns  and  a  variety  of  stress  concentrating  knots.  Table 
4,3  is  a  summary  of  the  ultimate  rupture  load  and  AE  load  delay 
data  for  Samson  double-braided  2-in-l,  1/4"  nylon  rope  with 
various  numbers  of  cut  aore  yarns.  The  AE  ringdown  counts 
load  delay  is  plotted  vs.  the  ultimate  rupture  load  as  shown 
in  Fig,  4.6.  A  similar  correlation  can  be  obtained  for  the  AE 
event  counts  load  delay.  Table  4.4  is  a  summary  of  the 
ultimate  load,  AE  load  delay,  and  knot  efficiency  data  for 
various  knotted  ropes.  The  industry's  suggested  knot  effi¬ 
ciency  is  also  shown  and  is  found  to  be  in  general  agreement 
with  the  data.  Correlations  between  the  AE  load  delay  vs. 
ultimate  load  similar  to  Fig.  4.6  are  also  found. 


Fatigue  Loading  and  Environmental  Effects 


Marine  ropes  may  be  subjected  to  a  complex  variety  of 
static  and  cyclic  loads  under  varying  environmental  conditions. 
This  part  of  the  project  is  intended  to  determine  the  effects 
of  short  and  long  term  static  and  cyclic  loads  in  air  and  sea 
water  environments.  Nylon  and  other  synthetic  fibers  are  known 
to  be  degraded  by  cyclic  loading,  and  polymers  are  also  degraded 
by  specific  environmental  agents  which  can  lead  to  very  low 
stress  fractures.  The  plan  for  this  study  is  to  test  single 
fibers,  yams,  and  small  ropes  to  characterize  their  static 
and  cyclic  fatigue  properties  in  air  and  sea  water  environments. 
Changes  in  residual  properties  will  be  followed  during  the 
course  of  the  tests.  The  results  will  be  combined  with  micros¬ 
copy  and  other  studies  to  establish  an  understanding  of  the 
causes  of  rope  degradation  under  these  conditions. 

Work  during  the  first  year  of  the  study  has  concentrated 
on  establishing  the  basic  fatigue  S-N  curves  and  residual  prop¬ 
erties  for  single  fibers  and  yarns.  Both  air  and  sea  water 
environments  have  been  used,  but  only  short-term  exposure  to 
sea  water  has  been  studied  to  date.  Nylon  fibers  and  yarns 
are  found  to  lose  a  significant  fraction  of  their  strength  when 
subjected  to  cyclic  fatigue  loads.  Single  fibers  appear  to 

fall  according  to  the  total  time  under  load,  regardless  of  the 
frequency  or  stress  amplitude,  Yarns  are  more  sensitive  to 
cyclic  loading  than  are  single  fibers,  losing  approximately  60% 
of  their  initial  strength  after  10*  cycles;  yarn  failure  appears 
dominated  by  the  number  of  cycles  rather  than  total  time  under 
load,  possibly  due  to  fiber-fiber  interactions.  Dry  yarns  go 
through  a  shakedown  process  which  results  in  a  plateau  on  the 
S-N  curve  at  high  loads.  Short  term  sea  water  immersion  causes 
a  modest  reduction  in  lifetime  under  some  conditions,  but  also 
may  lubricate  yarn  structures.  The  residual  strength  of  fibers 
and  yarns  remains  close  to  the  initial  strength  up  to  at  least 
7J%  of  their  lifetime;  the  residual  strain  to  failure  is  re¬ 
duced  by  approximately  40%  in  cycling,  but  the  cumulative 
strain  to  failure  is  close  to  the  strain  to  failure  in  a 
single  cycle.  Preliminary  fractographic  work  indicates 
possible  fiber-fiber  damage  and  fracture  surfaces  which  are 
not  unique  to  fatigue  loading. 


2.  ENVIRONMENTAL  DEGRADATION  OF  NYLON  AND  POLYESTER 
A  critical  evaluation  of  the  literature  in  the 

context  of  ocean  engineering  applications  of  rope 

INTRODUCTION  AND  SCOPE 

A  discussion  of  problems  of  environmental  degradation  in 
^synthetic  fibers  (nylons  and  polyester),  and  in  ropeB  made  from 
them,  requires  consideration  of  some  factors  governing  the  prop¬ 
erties  of  fibers,  of  effects  of  chemical  and  structural  changes 
resulting  from  environmental  exposure  on  mechanical  properties, 
and  of  the  relationships  of  fiber  properties  to  the  performance  of 
yarn  and  assemblies  made  from  them.  While  it  is  not  possible  to 
present  this  multifaceted  subject  in  depth,  it  is  useful  to  review 
briefly  the  salient  concepts  underlying  the  material  discussed, 
the  rationale  used  in  its  selection,  and  the  objectives  of  this 
document. 

1.  Factors  governing  fiber  properties.  The  properties  of 
fibers  may  be  thought  of  as  encompassing  macroscopic  or  geometrical 
(e.g.  length,  cross-section,  surface  roughness) ,  physical  (e.g. 
density,  thermal,  optical,  electrical),  chemical  (e.g.  response  to 
heat,  to  oxidative  environment,  moisture  sorption),  and  mechanical' 
(e.g.  tensile  properties)  characteristics.  The  chemical,  physical, 
and  mechanical  properties  of  the  semicrystalline,  irreversibly 
oriented  polymers  which  constitute  most  fibers,  are  primarily 
determined  by  the  molecular  structure  of  the  fiber-forming  polymer 
and  by  the  crystallinity  and  orientation,  or  supramolecular  struc¬ 
ture.  For  fibers  made  from  a  given  polymer  (e.g.  nylon  6.6;  poly¬ 
ethylene  terephthalate) ,  important  parameters  of  molecular  structure 
include  molecular  weight,  and  molecular  weight  distribution;  many 
essential  structural  features  which  result  from  ordering  of  macro- 
molecular  chains  are  controlled  by  processing  variables  during 
spinning  and  other  manufacturing  steps. 

Several  levels  of  structure  thus  contribute  to  and  govern 
the  properties  of  fibers.  In  use,  and  more  specifically,  upon 
exposure  to  chemical  degradatlve  environments,  changes  may  occur 
independently  on  each  level,  but  are  more  likely  to  occ\xr  in 
various  simultaneous,  sequential,  or  interdependent  combinations, 
according  to  the  state  of  the  material,  and  the  causative  factors 
it  encounters. 


In  early  work  on  environmental  degradation  of  fibers,  there 
has  been  a  tendency  to  consider  any  observed  deterioration  of 
mechanical  properties  (e.g.  strength  losses)  as  the  result  of  bond 
scission  reactions,  and  of  decreased  molecular  weight  of  the 
polymer  chains.  However,  this  limited  chemical  concept  does  not 
reflect  the  diversity  and  complexity  of  degradative  processes, 
nor  the  consequences  of  changes  on  a  supramolecular  level  which 
may  be  associated  with,  or  dependent  on,  chemical  reactions  in 
the  polymer  molecule. 

In  the  context  of  current  concepts  of  the  supramolecular 
structure  of  polyamide  and  polyester  fibers  (Morton  and  Hearle, 
1975,  pp,  60-71),  some  qualitative  conclusions  have  been  formu¬ 
lated  regarding  the  effects  of  chemical  and  structural  changes 
on  the  mechanical  properties  of  these  fibers.  It  has  been  pro¬ 
posed,  for  example,  that  stress  is  borne  primarily  by  polymer 
chains  in  the  less  ordered  regions  of  the  fiber,  that  the  dis¬ 
tribution  of  stress  in  these  regions  depends  on  orientation  and 
on  attendant  structural  details,  and  that  rupture  of  ohains  sub¬ 
jected  to  disproportionate  stress  will  thus  occur  almost  ex¬ 
clusively  in  the  intercrystalline,  or  amorphous  regions. 

The  sorption  and  diffusion  of  oxygen,  or  of  other  gaseous 
or  liquid  contaminants,  is  restricted  to  the  amorphous  regions, 
and  therefore,  chemiaally  mediated  chain  scission  processes  will 
also  be  localised  in  the  regions  which  have  the  major  stress¬ 
bearing  role. 

The  sorption  of  moisture  also  takes  place  in  the  amorphous 
regions.  The  plasticizing  action  of  sorbed  moisture  may  affect 
elastic  deformation  and  resistance  to  impact  stress.  Under  some 
conditions,  it  may  increase  fiber  tenacity  or  elongation,  off¬ 
setting  the  affect  of  simultaneous  adverse  changes.  It  has  been 
suggested  (Figucia,  1968),  that  in  this  case,  the  fiber  may 
exhibit  no  change  in  normal  mechanical  characterization  for  a 
considerable  period  of  time,  and  yet  may  be  undergoing  internal 
processes  which  predispose  it  to  change  by  subsequent  influences. 

It  is  evident  from  these  examples  that  the  microscopically 
heterogeneous  nature  of  fibers  is  such  that  even  small  chemical 
and/or  physical  changes  can  exert  significant  effects  on  their 
properties. 


2.  Causative  factors  in  environmental  degradation* 

Chemical  degradation  of  fibers  may  result  from  a  number  of 
causative  factors  which  may  interact,  and  may  produce  changes  in 
properties  through  separate,  concurrent  or  sequential  effects. 

The  following  are  of  major  interest  in  the  framework  of  the  subject 
matter  covered  in  this  report. 

•  Ultraviolet  radiation  (light  exposure) 

•  Heat  (moderate  temperatures) 

•  Oxygen  (air) 

•  Gaseous  contaminants  in  air  (e.g.  soa) 

•  Water  (high  relative  humidity) 

•  Aqueous  solutions  of  salts. 

The  effects  of  UV  radiation,  of  oxygen  and  of  aqueous  en¬ 
vironments  on  the  ohemical  degradation  of  nylons  and  of  polyester 
have  overwhelming  importance  in  the  case  of  rope.  Many  variables 
in  the  conditions  of  experiments  designed  to  study  the  effect  of 
the  above  factors  on  chemical  degradation  of  nylons  and  of  poly¬ 
esters  have  been  investigated,  and  their  effects  have  been 
reported..  Some  are  discussed  under  the  appropriate  heading  in 
this  report. '  The  great  number  of  variables  is  mentioned  here 
only  to  point  out  the  complexity  of  the  problem— and  the  inherent 
difficulty  in  applying  results  obtained  and  knowledge  gained  in 
laboratory  experiments  under  controlled  conditions  to  the  realistic 
situation  of  ropes  in  ooean  engineering  applications. 

3«  Chomical  composition  (additives)  and  geometry.  Several 
additional  factors  must  be  considered  in  reviewing,  interpreting, 
and  attempting  to  extrapolate  or  generalize  results  reported  in 
the  literature  on  the  chemical  degradation  of  polymers  and  fibers 
to  the  problems  of  rope. 

The  presence  of  additives  (e.g.  delustrants,  UV  stabilizers) 
in  the  fibers  may  have  significant  effects  on  chemical  degradation 
processes.  However,  the  chemical  structure  of  additives  present 
in  commercial  fiberB  is  not  often  disclosed,  and  the  effect  of 
added  compounds  cannot  always  be  separated  from  that  of  the 
programmed  environment.  Attempts  to  circumvent  this  difficulty 
may  have  been  made  in  some  Instances  by  carrying  out  experiments 
on  oriented  polymer  films  of  controlled  chemical  composition 
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prepared  in  the  laboratory,  but  this  approach  has  other  limita¬ 
tions  and  pitfalls.  In  the  context  of  rope  applications,  the 
focus  of  interest  is  on  drawn,  undyed  fibers,  with  emphasis  on 
bright  (free  of  delustrant)  fibers.  In  the  discussion  whiah 
follows,  data  on  dull  (TiOj  delustered)  fibers  are  included  for 
the  purpose  of  comparison,  and/or  with  reference  to  mechanisms 
of  degradative  processes  in  the  presence  and  in  the  aboence  of  the 
additive. 


Difficulties  in  relating  results  of  laboratory  experiments  to 
"real  life"  are  common.  They  are,  however,  particularly  great  in 
this  case,  because  of  the  large  number  of  variables  that  must  be 
considered  in  the  materials,  in  the  modes  of  exposure,  in  the 
interactions  of  factors  causing  degradation,  and  in  the  assessment 
of  effects.  Furthermore,  difficulties  are  encountered  in  the 
"translation"  of  changes  in  fiber  and  yarn  properties  to  the 
expected  behavior  of  rope  structures  designed  to  withstand  stress 
under  exacting  and  diverse  service  conditions. 

In  considering  environmental  degradation  of  ropes  in  ocean 
engineering  application,  dimensions  and  geometry  of  .the  rope  play 
important  roles  in  that  they  govern  the  extent  to  which  fibers  and 
yarns  in  specific  locations  within  the  rope  are  exposed  to  the 
degradative  influence  of  external  causes.  Effects  of  rope 
diameter,  and  of  yarn  location  are  illustrated,  for  example,  by 
the  data  summarized  in  Table  2.1  (Hawkins  and  Tipson  Ltd., 
unpublished  results,  1981)  which  are  presented  here  primarily  to 
demonstrate  some  of  the  problems  associated  with  predictions  of 
rope  performance  based  on  data  obtained  in  laboratory  experiments 
on  fibers  or  yarns. 

With  all  the  possibilities  for  changes  within  the  fibers, 
with  the  numerous  variables  in  test  conditions,  and  with  the 
problems  of  translation  efficiency,  it  is  obvious  that  conventional 
test  values  obtained  on  fiber  or  yarn  samples  exposed  to  controlled 
environments  in  the  laboratory  cannot  be  considered  predictive 
of  practical  performance— but  only  suggestive  of  events  that  may 
oacur  in  use,  on  a  different  scale. 

4.  Scope  and  objectives  of  the  report.  Within  the  limita¬ 
tions  briefly  outlined  above,  a  study  of  the  literature  on 
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(From  Hawking  and  Tipson  Ltd/ICI  Exposure  Trials] 

Diameter  \ 


%  Strength 
Retained 


90-92 

92-100 


Stabilized)  Nylon  rope 


|tfl 

[HJ 

Run 


Location  of  Yarns 


%  Strength 
Retained 


Yarns  from  24mm  diameter 
Polyester  rope^**^ 

inside 

outside 

(core) 
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environmental/chemical  degradation  of  nylon  and  polyester  provides 
a  wealth  of  information  and  knowledge.  A  critical  evaluation  of 
concepts  and  results  that  are,  or  may  be,  relevant  to  the  problems 
of  rope  degradation  in  use  is  presented  here.  The  objective  is 
to  summarize  in  a  single  document  the  highlights  of  current 
knowledge  on  the  subject  as  a  basis  for  enhanced  understanding  of 
the  events  leading  to  wear  and,  eventually,  failure,  in  the  use  of 
rope,  and  for  future  research  investigations  specifically  designed 
to  improve  resistance  to  chemical  degradation  and  wear  life 
through  the  selection  of  materials  in  which  degradative  reactions 
may  be  suppressed  or  retarded.  The  selection  of  literature 
references,  and  of  data  drawn  from  them,  has  been  guided  in 
large  measure  by  the  author's  experience  and  knowledge  in  polymer 
and  fiber  chemistry.  To  the  extent  that  the  selection  of  faots 
constitutes  opinion,  the  material  discussed  in  this  report,  the 
conclusions  and  recommendations  reflect  this  author's  opinion 
regarding  the  importance  of  those  aspects  of  degradation  which  are, 
or  may  be,  related  to  property  changes  and  wear  in  fibers,  yarns, 
and  cordage  during  use. 

MECHANISM  OF  CHEMICAL  DEGRADATION 

The  chemical  reactions  occurring  in  nylon  and  polyester 
fibers  exposed  to  environmental  conditions  which  may  be  encountered 
in  use  are  complex,  and  governed  by  a  large  number  of  factors.  An 
in-depth  review  of  these  reactions,  and  of  the  mechanisms  under¬ 
lying  them,  is  beyond  the  scope  of  this  report.  However,  the 
insight  gained  in  investigations  of  chemical  degradation  in  the 
polymer  molecules  of  major  interest  in  the  context  of  synthetic 
fiber  rope  provides  an  appropriate  background  for  a  discussion  of 
experimental  observations  made  under  controlled  conditions  of 
laboratory  exposure,  and  of  relationships  established  between 
exposures  of  fiberB  and  yarn  assemblies  to  specific  environments, 
and  effects  on  properties. 

Depending  on  the  polymer,  and  on  the  conditions  of  exposure, 
chemical  degradation  may  result  in  chain  scission  or,  in  some 
instances,  in  crosslinking  of  polymer  chains.  The  determination 
of  changes  in  molecular  weight  by  well  established  analytical 


techniques  has  been  extensively  used  to  characterize  reactions 
associated  with  breaking  of  chain  bonds,  formation  of  oligomers, 
and  changes  in  properties  associated  with  these  processes.  Con¬ 
sideration  of  simultaneously  occurring  cross linking  reactions 
complicates  the  problem  of  characterizing  the  changes  in  molecular 
structure  which  occur  in  the  initial  stages  of  degradation.  The 
identification  of  low  molecular  weight  degradation  products 
formed  under  extreme  conditions  of  exposure,  coupled  with 
analytical  techniques  applied  to  partially  reacted  polymer  and 
oligomers,  ultimately  provide  a  framework  in  which  the  reaction 
paths  and  mechanisms  of  degradation  under  specific  conditions  of 
polymer  exposure  are  postulated  and  interpreted. 

1*  Nylon  ( polyamides ) .  The  mechanism  of  chemical  degrada¬ 
tion  of  polyamides  was  studied  in  early  work  (Achhammer  et  al., 
1951) ,  in  which  films  prepared  from  copolymers  of  nylon  salts 
(6.6  and  6.10),  and  e-caprolactam  were  exposed  to  elevated  tem¬ 
perature,  ultraviolet  radiant  energy,  and  different  atmospheria 
conditions.  The  results  of  examination  by  many  analytical 
techniques  of  films  degraded  under  different  conditions,  led  to 
the  conclusion  that  degradation  of  polyamides  may  involve  changes 
in  molecular  orientation,  and  in  the  amount  of  molecular ly  asso¬ 
ciated  material  which  has  a  plasticizing  effect,  such  as  water, 
as  well  as  chemical  ahange  in  the  polymer  molecules. 

The  mechanism  of  photochemical  degradation  of  polyamides  was 

elucidated,  and  discussed  in  detail  more  than  a  decade  later 

(Moore,  1963)  in  an  investigation  of  nylon  films  (6.67  6.10;  10.6 

and  6),  and  of  related  model  N-alkylamides,  which  remains  a 

classic  to  this  date.  This  work  addressed  the  mechanisms  of 

UV-induced  reactions  of  polyamides  in  direct  photolysis  of  the 

molecules,  which  occurs  independently  of  the  atmosphere,  and  even 

in  the  absence  of  oxygen,  on  exposure  to  light  of  shorter  wave- 

0 

length  (below  3000  A) ,  and  in  photochemical  oxidation  (photo¬ 
sensitized  oxidation)  which  requires  the  presence  of  oxygen,  and 
occurs  on  exposure  to  light  of  longer  wavelength. 

In  the  process  of  photolysis,  evidence  was  obtained  for 
scission  of  polyamide  chains  involving  the  amide  bond,  and  also 
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or  crosslinking.  The  "probable"  photolytic  scission  reactions  of 
nylon  6.6  chains  are  shown  in  the  equations  below: 

COCH2CH2CH2CH2CO  - - - 

I 

NH  CH2CH2CH2CH2CH2CH2 

COCHa  +  CH2  »  CH  CH2CO  - - 

kr  I 

•  COCH2CH2CH2CH2  CO  r — '  NH  CH2CH2CH2CH2CH2CH2NH  ~ 


*  NH  CH2CH2CH2CH2CH2CH2  NH 

In  photo  oxidation  reactions  of  polyamides,  oxidative  attack  was 
shown  to  occur  at  the  methylene  group  adjacent  to  the  nitrogen 
atom,  with  subsequent  decomposition  of  the  —  CHOH  radical  formed 
and  formation  of  aldehyde  groups  (end  groups)  as  shown  below  for 
nylon  6.6. 

CO  CH2CH2CH2CH2  CO  y 


NH  CH2CH2CH2CH2CH2CH2  NH 


CjO  CH2CH2CH2CH2  CO  w 

NH  CH  CH2CH2CH2CH2CH2  NH 
(OH) 


COCH2CH2CH2CH2  CO 

NH2  +  HC  -  CH2CH2CH2CH2CH2  NH 


The  results  of  this  work  also  showed  that  the  presence  of 

Titanium  dioxide  delustrant  in  nylon  polymer  enhanced  photo- 

0  • 

degradation  only  above  3000  A  in  the  presence  of  oxygen:  The 
Ti02  did  not  change  the  nature  of  the  oxidation  process,  but 
appeared  to  act  as  a  photosensitizer. 

The  results  of  an  electron  spin  resonance  (ESR)  study  of  the 
degradation  of  nylon  6  filaments  irradiated  at  liquid  nitrogen 
temperatures  with  wavelengths  in  the  region  of  solar  radiation 
support  the  hypothesis  that  the  first  step  in  the  photolytic 
degradation  of  nylon  is  the  cleavage  of  amide  bonds  (Heuvel 
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and  Lind,  1970).  On  the  other  hand,  work  on  the  mechanism  of 
degradation  of  nylon  6  fibers  caused  by  thermal  oxidation 
(dry  air  at  200  +  10°C)  showed  that,  under  the  conditions  used, 
the  preferred  site  of  attack  and  chain  scission  is  the  N-vicinal 
methylene  group,  as  proposed  by  Moore  for  the  case  of  photo 
oxidation  (Valk  et  al.,  1970). 

2 .  Polyethylene  terephthalate  (PET)  and  polyesters.  The 
mechanism  of  thermal  and  thermo-oxidative  degradation  of  pet  has 
been  reviewed  (Peters  and  Still,  1979).  However,  the  investiga¬ 
tions  cited  in  this  review  have  entailed  exposure  to  temperatures 
above  the  melting  point  of  PET,  and  results  are  thus  of  limited 
relevance  to  the  problems  and  exposure  modes  of  PET  considered 
in  this  report. 

The  photolysis  of  PET  films  has  been  studied  in  vacuo  with 
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light  of  wavelengths  2537  A  and  3130  A  (Marcotte  et  al.,  1967). 
Similar  quantum  yields  for  CO  and  CO2  formation,  and  other 
similarities  in  results  led  the  authors  to  the  conclusion  that 
gross  chemical  effects  of  in  vacuo  exposure  to  light  of  different 

wavelength  are  closely  similar,  even  though  in  the  case  of 

0 

2537  A  light,  they  occur  in  a  much  "thinner"  layer.  The 
mechanism  of  photolytic  degradation  of  PET  proposed  by  Marcotte 
is  based  on  primary  reactions  leading  to  the  formation  of  CO 
and  CO2,  according  to  the  equation  below. 


Radicals  I,  IX,  III  may  then  combine,  disproportionate  or 
abstract  hydrogen  atoms  from  neighboring  molecules.  An  important 


consequence  of  hydrogen  abstraction  would  be  the  formation  of  free 
radicals,  which  could  account  for  crosslinking  reactions.  The 
photodegradation  of  PET  is  a  complex  process,  involving  photo- 
oxidative  reactions  in  addition  to  photolysis,  and  including  chain 
scission,  formation  of  gaseous  products  (CO  and  COa),  and  changes 
in  the  concentration  of  carboxylic  acid  end  groups.  Some  aspects 
of  the  reactions  are  discussed  in  a  later  section  of  this  report 
in  conjunction  with  the  observed  effects  of  photochemical  degrada¬ 
tion  of  PET  on  polymer  properties. 

PHOTOCHEMICAL  DEGRADATION 

While  it  is  well  known  that  sunlight  causes  chemical 
degradation  in  organic  polymers  and  fibers,  the  meaningful  inves¬ 
tigation  of  degradative  effects  under  controlled  conditions  of 
exposure  in  the  laboratory  is  a  difficult  task.  The  publications 
documenting  results  of  research  investigations  and  progress  in 
this  field  generally  cover  specific  aspects  of  the  problem  and 
specific  approaches.  Results  and  conclusions  apply  within  narrowly 
defined  limits,  and,  in  most  instances ,  it  is  not  possible  to 
formulate  generalizations,  to  establish  definitive  inter-rela- 
..tionships  of  results  obtained  by  different  investigators,  and  to 
"translate"  the  results  reported  for  a  given  system  and  mode  of 
exposure  to  more  realistic  systems  and  situations.  The  dis¬ 
cussion  which  follows  should  be  viewed  in  the  framework  of  these 
limitations. 

The  variables  which  must  be  considered  in  interpreting 
results  of  exposure  to  ultraviolet  radiation  are  those  of  the 
environment,  including  radiation  wavelength,  method  of  exposure, 
oxygen,  moisture,  and  temperature,  and  those  of  the  exposed 
material  which,  in  addition  to  the  polymer  molecule,  include 
physical  form  (e.g.  fiber,  film)  and  dimensions  of  the  material, 
supramolecular  structure,  and  additives  (e.g.  delustrants, 
inhibitors) . 

A  thoughtful  review  of  the  variables  and  of  the  problems 
encountered  in  evaluating  the  effect  of  irradiation  by  natural 
and  artificial  light  on  the  breaking  strength  of  polyester  and 


nylon  filaments  has  been  presented  (Kaufmann,  1971)  in  conjunction 
with  experimental  results  obtained  in  the  study. 

1.  Light  sources  and  spectral  distribution.  The  intensity 
of  sunlight  varies  with  wavelength  and  with  season,  hour  and 
atmospheric  conditions.  The  schematic  drawing  reproduced  in 
Fig.  2-1  (Stowh  et  al.,  1974)  indicates  that  3500  Angstrom  is 
the  wavelength  mid-way  in  the  ultraviolet  portion  of  sunlight 
reaching  the  earth's  Surface  (near  -  UV) .  In  standard  methods 
developed  for  outdoor  exposure  of  materials,  the  seasonal  fluc¬ 
tuation  in  the  UV  light  reaching  the  earth  is  a  major  problem. 
Measufcetaents  of  exposure  periods  in  terms  of  total,  radiation  in 
Langleys  (cal/cm2)  do  not  provide  accurate  comparisons  of  tests 
performed  in  the  same  locations  at  different  seasons  of  the  year. 
Singleton  ct  al.  (1965,  1969)  have  proposed  that  reproducibility 

of  reoults  can  be  improved  by  using  Coblent*  factors,  which  show 

,  0 

the  seasonal  fluctuation  of  UV  energy  in  the  range  of  2900  A  - 

0  ... 

3150  A,  proportionate  to  the  total  energy  measured.  By  applying 
these  factors,  exposure  periods  can  be  based  on  the  energy  in 
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the  2900  A  -  3150  A  range  rather  than  on  total  radiation.  This 
range  is  reportedly  the  most  sensitive  to  seasonal  fluctuations, 
and  also  the  most  important  in  actinic  degradation.  While 
outdoor  exposure  is  a  valuable  route  to  the  evaluation  of  the 
degradation  caused  by  UV  radiation  and  "weathering",  the  length 
of  time  it  requires  has  made  it  imperative  to  develop  accelerated 
laboratory  tests  for  research.  Laboratory  studies  also  allow  the 
use  of  controlled  atmospheres  so  that  the  interdependence  of 
radiation  energy  and  specific  environmental  factors  may  be  de¬ 
tected.  The  artificial  light  sources  most  commonly  used  in  the 
laboratory  have  been  the  carbon-arc  and  the  Xenon-arc  lamp,  for 
which  standard  tests  have  been  developed.  Considerable  uncer¬ 
tainty  remains  regarding  the  possibility  of  correlating  test 
results  obtained  by  these  techniques  with  those  of  outdoor 
exposure  (Singleton  and  Cook,  1969;  Tweedie  et  al.,  1971). 

Although  the  Xenon-arc  has  been  found  to  compare  more  closely 
with  fanlight  than  the  carbon-arc,  reoults  of  laboratory  tests 
generally  may  be  considered  only  indicative  of  degradation  en¬ 
countered  in  outdoor  use  and  must  be  interpreted  with  caution. 
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Spectral  distribution  in  angstroms  of  sunlight  at  the  earth's  surface  and  the  carbon  v  1 1 1 .  Reprinted 
with  the  permission  of  John  Wiley  and  Sons. 


FIGURE  2-1.  (STOWE  ET  AL. ,  1974) 
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For  example,  the  effects  of  Xenon-arc  radiation  (Weather-Ometer) , 
and  of  outdoor  exposure  behind  window  glass  on  the  breaking 
strength,  extension-to-break ,  and  energy-to-break  have  been 
compared  (Wall  and  Frank,  1971)  for  several  nylon  and  polyester 
textile  yarns  containing  titanium  dioxide  in  varying  amounts. 
Degradation  of  nylon  yarns  was  found  to  be  slower  than  that  of 
polyester  yarns  in  the  Weather-Ometer  tests,  but  the  reverse  was 
true  in  outdoor  exposure  tests.  The  differences  observed  were 
attributed  to  several  factors,  including  temperature  and  humidity, 
differences  between  continuous  laboratory  exposure  and  normal 
daily  cycles  of  light  and  dark,  and  differences  in  intensity 
distributions  of  the  UV  radiation  of  the  arc  as  compared  to  sun¬ 
light.  These  results,  confirmed  in  later  studies  (Lock  and  Frank 
1973)  provide  but  one  illustration  of  the  limitations  of  labora¬ 
tory  simulations  of  outdoor  exposure  which  must  be  borne  in  mind 
in  reviewing  the  results  and  discussion  which  follow. 

2*  The  role  of  moisture  (relative  humidity)  and  of  additives. 
The  effects  of  relative  humidity,  of  titanium  dioxide  content,  and 
of  UV  stabilizers  on  the  photodegradation  of  undyed  nylon  6.6  and 
PET  yarns  exposed  to  Xenon-arc  radiation,  and  to  sunlight  behind 
window  glass  have  been  studied  for  a  broad  spectrum  of  nylon  and 
polyester  yarns  (Lock  and  Frank,  1973).  Tensile  properties  of 
yarn  examined  in  previous  work  (Wall  and  Frank,  1971),  namely 
breaking  strength,  elongation  at  break,  and  energy  to  break  were 
again  employed  as  criteria  for  assessing  the  extent  of  yarn 
degradation.  Selected  results  of  this  investigation  are  included 
in  this  report,  because  they  are  believed  to  be  of  considerable 
significance  in  the  context  of  the  problems  of  degradation  in 
rope  yarns.  Table  2,1  (reproduced,  in  part,  from  p.  504  of  the 
above  reference)  shows  details  of  the  commercial  yarn  samples 
used  in  the  experimental  study. 

Some  results  have  been  compiled  in  Tables  2-2  and  2-3 
for  nylon  and  PET  yarns  respectively,  in  support  of  conclusions 
that  may  be  summarized  as  follows: 

(i)  Rates  of  degradation  of  nylon  and  PET  were 
seemingly  in  reverse  order  for  exposure  to  Xenon-arc  as  opposed 
to  sunlight  behind  glass  (see  also  Wall  and  Frank,  1971). 
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Table  2-2 

Yarn  Variables  (Lock  and  Frank,  1973) 


Code 


Yarn  Description 


Titanium  Dioxide  Polymer 
(TiOa)  content  Additives 
_ Percent _ (unspecified) 


Ni 

Nylon  66,  Type  728  Tire  Cord, 

840  den.,  140  fil  -  bright 

MM  MM 

Thermal  Stabilize 

N  2 

Nylon  66,  70  den.,  34  fil  - 
semi dull 

0.20 

— 

Ns 

Nylon  66,  40  den.,  13  fil,  dull 

2.00 

MMMM 

N„ 

Nylon  66,  Type  288,  70  den. 

34  fil,  semidull 

0.30 

UV  Stabilizer 

Ns 

Nylon  66,  Type  685,  70  den. 

34  fil,  dull 

2.00 

UV  Stabilizer 
(identical  to  NO 

FX 

PET,  Tire  Cord,  90.1  den. 

75  fil,  bright 

— 

f2 

PET,  40  den.,  24  fil,  semidull 

0.50 

M M  MM 

Fs 

PET,  40  den.,  24  fil,  dull 

2.00 

— 
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(ii)  Degradation  on  exposure  to  sunlight  behind 
glass  was  accelerated  by  increasing  Ti02  content.  Degradation 
of  bright  (Ni  and  F i )  yarns  was  far  less — but  these  yarns  also 
had  high  denier  per  filament,  and  the  results  may  be  attributed 
to  the  absence  of  delustrant  only  if  considered  in  conjunction 
with  other  comparisons  (Na  vs.  Ns);  Fa  vs.  Fs). 

(iii)  Loss  of  tensile  properties  as  a  result  of 
Xenon-arc  exposure  increased  with  increasing  relative  humidity. 
This  effect  was  greater  for  nylon  than  for  PET  yarns.  Elonga¬ 
tion  at  break  was  affected  by  humidity  more  than  breaking 
strength . 

(iv)  Loss  in  elongation  at  break  was  shown  to  be  a 
more  sensitive  indication  of  degradation  than  breaking  strength 
loss. 

Comparative  evaluation  of  degradation  (loss  in  tensile 
strength,  elongation,  and  energy  to  break)  of  undyed  textile 
fibers  exposed  to  natural  sunlight,  and  to  an  atmosphere  of 
controlled  humidity  (45%  RH)  in  a  light-fastness  taster 
employing  a  500  W  mercury- tungsten  fluorescent  lamp  (3hah  and 
Srinivasan,  1975}  showed  that  different  fibers  ranked  in  the 
same  order  on  the  basis  of  results  obtained  with  the  light¬ 
fastness  tester  and  on  the  basis  of  results  obtained  upon 
exposure  to  natural  sunlight.  The  effect  of  humidity  on 
degradation  of  different  yarns,  including  bright  nylon  6,  dull 
nylon  6  and  delustared  PET  was  subsequently  investigated  by 
this  testing  technique.  Degradation  was  found  to  increase  with 
increasing  humidity  in  the  atmosphere  surrounding  the  sample 
for  all  fibers,  but  the  magnitude  of  the  effect  of  RH  on  loss 
of  strength  differed  for  different  fibers.  For  example,  the 
effect  of  humidity  was  negligible  for  PET.  The  rate  of  degra¬ 
dation  was  greater  for  deluatered  (dull)  nylon  6  than  for  bright 
nylon  6  at  all  levels  of  humidity,  suggesting  that  the  delustrant 
acts  as  an  accelerator  in  the  actinic  degradation  of  nylon  6 
under  the  conditions  used.  Although  experiments  at  different 
temperatures  were  not  reported,  the  authors  also  suggest  that 
temperature  "has  a  greater  influence  on  degradation  in  moist 
air  than  in  dry  air",  in  accordance  with  earlier  hypotheses 


that  different  mechanisms  are  involved  in  the  photosensitized 
degradation  of  textile  fibers  in  dry  and  moist  air. 

3.  Oxygen  and  environmental  contaminants.  The  role  of 
oxygen  and  of  environmental  contaminants  in  chemical  degradation 
caused  by  exposure  to  UV  radiation  has  been  investigated 
extensively  in  conjunction  with  studies  of  the  mechanism  of 
photochemical  degradation  for  specific  polymers.  For  example, 
comparisons  of  losses  in  tensile  strength  and  in  elongation  for 
films  and  fibers  irradiated  in  air,  in  vacuo,  and  in  nitrogen 
have  been  presented  and  discussed  in  depth  (Stephenson  and 
Wilcox,  1963).  The  higher  rate  of  degradation  noted  for  all 
polymers  when  irradiated  in  oxygen  as  compared  to  nitrogen  was 
explained  on  the  basis  of  mechanisms  proposed  by  earlier  invest! 
gators.  In  the  case  of  nylon  6.6  films  and  fibers,  it  was 
also  found  that  the  rate  of  degradation  was  greater  for 
irradiation  in  nitrogen  than  in  vacuo.  This  difference  was 
attributed  to  the  effect  of  pressure,  and/or  of  trace  amounts 
of  oxygen  present  in  the  nitrogen.  Irradiation  in  oxygen  was 
found  to  cause  more  rapid  deterioration  of  polyester  film  and 
fiber  samples  (MYLAR  film  and  DACRON  fiber)  than  irradiation  in 
vacuo,,  A  significant  wavelength  dependence  of  the  rate  of 
degradation  was  observed  for  DACRON  fibers,  but  not  for  mylar 
film.  Later  studies  of  the  chemical  changes  occurring  in  PET 
(MYLAR  film)  exposed  to  UV  radiation  (Marootte  et  al.,  1967) 
included  consideration  of  "quantum  yield  for  fractures"  for  PET 
irradiated  in  vacuo  and  in  air,  with  tentative  conclusions 
regarding  the  significance  of  observed  differences,  and  the  role 
of  oxygen  in  the  photochemical  degradation  of  PET. 
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The  effect  of  sulfur  dioxide,  a  prototype ^environmental 
contaminant,  has  been  studied  for  laboratory  (Weather-Ometer) 
exposures  of  nylon  6.6  fibers  (Zeronian  et  al*,  1971,  1973). 
Selected  aspects  of  this  work  will  be  discussed  below  in 
Section  3.4  (Degradation  of  polyamides) Two  salient  conclu¬ 
sions  were  that  degradative  effects  of  SO*  on  fiber  surfaces 
require  the  combined  presence  of  S02  and  moisture,  and  that 
degradation  occurring  in  nylon  exposed  to  light,  moisture,  and 
air  contaminated  by  S02  cannot  be  characterized  as  hydrolytic 


(acid)  degradation.  A  study  of  degradation  of  nylon  6.6  films 

of  different  morphologies  in  the  presence  of  nitrogen  dioxide, 

0 

ozone,  oxygen  and  near-UV  radiation  (>2900  A)  showed  that  the 
solvent  and  conditions  used  in  the  preparation  of  the  films 
influenced  the  course  of  reaction  (Jellinek  and  Chaudhuri,  1972) 
It  was  postulated  that  in  some  instances,  degradation  and  chain 
scission  on  exposure  to  the  degradative  environments  were  in¬ 
hibited  by  hydrogen  bonding,  or  even  by  chemical  reaction  of 
the  polymer  with  the  solvent  used  for  casting  the  film. 

4*  Photochemical  degradation  of  polyamides.  Most  aspeats 
of  the  photochemical  degradation  of  polyamides  are  covered  in 
reviews  and  textbooks  on  the  photochemistry  of  commercial 
polymers.  Reviews  of  the  "photochemistry  of  commercial  poly¬ 
amides  "  (Allen  and  McKellar,  1978)  and  of  "UV  degradation  of 
nylon  6.6"  (Stowe  et  al.,  1974)  are  valuable  background  docu¬ 
ments  for  the  summary  of  specific  investigations  and  results 
presented  in  this  section  of  the  report.  In  addition,  work 
summarized  in  selected  publications  on  the  photosensitized 
oxidation  of  polyamide  fibers  (e.g.  Egerton,  J  9 71 )  includes 
consideration  of  factors  whiah  influence  degradation  by  near-UV 
and  visible  radiation , of  the  nature  of  chemical  changes  involved 
and  of  methods  which  may  improve  photochemical  stability. 

The  work  of  Moore  (1963)  on  photochemical  degradation  of 
polyamides  provides  an  important  basis  for  subsequent  investi¬ 
gations,  and  for  discussion  to  date.  The  author  examined  the 
response  of  nylon  films  (6.6;  6.10;  10.6  and  6),  of  model 
N-alkyl  amides,  and  of  nylon  6.6  yarns,  exposed  to  artificial 
light  of  different  wavelengths,  under  different  conditions  of 
atmosphere  and  humidity,  and  to  sunlight  under  glass  for  one 
year.  In  the  context  of  the  present  report,  the  relationships 
between  loss  of  strength  and  chemical  changes  observed  for  nylon 
yarns  exposed  to  sunlight  are  of  particular  significance.  The 
nylon  yarns  used  in  the  experiments  are  shown  in  Table  2.-5 
and  some  analytical  data  obtained  on  exposed  yarns  are  sum¬ 
marized  in  Table  2.6.  Figure  2-2  reproduces  Figs.  2,  3,  and  4 
from  Moore's  paper,  which  highlight  the  difference  between 
bright  and  delustered  yarns,  and  allow  additional,  albeit 


Table  2.5 


Experimental  Nylon  6,6  Yarns  Exposed  to 
UV  Light  (Moore,  1963) 


60  denier  bright,  20  filaments,  no  TiQ*> 
Tenacity  324  g  -  Extensibility  15.0% 

90  denier  bright,  30  filaments,  no  TiOa> 
Tenacity  465  g  -  Extensibility  17.8% 

90  denier  delustered,  30  filaments,  1.6%  Tl02; 
Tenacity  492  g  -  Extensibility  19.2%. 


& 


Wavelength  regions  investigated  by  using  quartz  on  Pyrex 
windows  in  the  exposure  cells,  or  by  interpolating  filters 
in  the  light  beam. 
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Table  2.6 


Chemical  Analyses  on  Nylon  6.6  Yarn 
(exposed  to  sunlight  under  glees  for  one  year) 

(Moore,  1963) 


Degraded  Yarns  Control  Yarn 


Carboxyl  end  groups 

117 

82 

(g  equiv/10*  g  polymer) 

Amine  end  groups 

20 

39 

(g  equiv/10*  g  polymer) 

intrinsic  viscosity  (in  90%  phenol-water) 

0.54 

0 

* 


30  denier  bright 


(no  delustrant) 


I  Mr  ristc  viscosity 


0  2000  4000 

Hours  of  dayligh* 


Volume  of  intrinsic 
vliconty  with  Ion*  of  tanacity 
(O  bright;  *  daliSstrad) 


FIGURE  2 


Intrinsic  «iSC3s-*y 


v\ 


Variation  of  Ion 
of  tanacity  and  axtentibility 
with  axpoture  tima  for  sun* 
light-dacradad  6.6  nylon 
yarn*  (0  tanaeity*  *  axtan* 
tlbility) 


8000 


\ 

6000 


Variation  of  in* 
trinalc  vlicoiliy  In  9Q*k 
phnnol-water  with  axposure 
tima  for  tunli|h(*daurad«d 
6.6  nylon  yarns  (O  bright; 
*  dalustrath 


V.  lost  lanaelly 


2.  (MOORE,  1963) 


speculative,  conclusions  concerning  photochemical  degradation  of 
(bright)  nylon  yarns  in  rope.  For  example,  the  sharp  rise  in 
tenacity  and  extensibility  loss  after  about  4000  hours  of  day¬ 
light  suggest  the  possibility  that  sudden,  near-catastrophic 
property  changes  may  occur  as  a  result  of  exposure  in  fibers  on 
rope  surfaces  when  the  period  of  exposure  to  incident  sunlight 
reaches  a  critical  length. 

A  change  in  intrinsic  viscosity  of  about  10^15%  corresponds 
to  a  tenacity  loss  of  about  25%,  suggesting  -that  measurements  of 
molecular  weight  may  provide  meaningful  indications  of  the  ex- 
tent  to  which  fiber  mechanical  properties  are  affected  by  photo*4'' 
chemical  reactions,  in  proportion  to  the  duration  of  exposure. 

On  the  basis  of  Moore's  comprehensive  investigation  and 
convincing  results,  it  would  be  tempting  to  assume  that,  at 
least  for  UV  exposure  and  photochemical  degradation,  chemical 
analytical  data  adequately  reflect  the  extent  of  strength 

losses  and  the  probability  of  failure.  However,  it  is.,  essential 

*>*♦**•"«, 

to  consider  changes  on  the  level  of  fiber  structure,  wfcidH,  while 
not  necessarily  siimiltaneous  with,  or  parallel  to  chemical 
degradation  on  a.  molecular  level,  are  factors  o£  great  importance 
and  may  even  be  dominant  in  determining  changes  in  fiber  prop¬ 
erties.  The  effects  of  structural  changes  on  the  properties  of 

fibers  exposed  to  UV  light  have  been  the  subject  of  several . 

investigations  which,  while  more  narrowly  focused  and  perhaps 
less  definitive  than  the  work  of  Moore,  nevertheless  contribute 
significantly  to  our  understanding  of  the  problem. 

The  photodegradntion  of  nylon  6  was  studied  by  exposing 
fabric  samples  made  from  bright  yarn  in  a  Fadeometer  (Carbon-arc) , 
and  in  daylight  under  tropical  atmospheriQ.-conditions ,  with  and 
without  treatment  with  a  UV  absorber  dihydroxy-4,4 ' 

dimethoxy-benzophenone) ,  ^Subramanian  and  Talele,  1973). 
Predictably,  tensile  strength  and  viscosity  average  molecular 
weight  decreased  with  increasing  exposure.  Application  jof  UV 
absorber  to  the  fabric  decreased--the  exteht  b'r'd'egradation  in 
subsequent,  exposure  somewhat.  Coupled  with  analytical  data, 
these  results  were  interpreted  as  showing  that  degradation 
resulted  in  random  scission  of  c — N  bonds  in  the  polymer 


s 
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chain.  A  free  radical  mechanism  of  degradation  was  postulated, 
leading  to  the  formation  of  peroxides  and,  subsequently,  two 
stages  in  the  degradative  process. 

The  effect  of  light,  and  of  air  contaminated  with  S02, 
with  and  without  the  presence  of  moisture,  on  surfaces  of 
nylon  6,6  fibers,  has  been  reported  by  Zeronian  et  al.  (1971, 
1973).  The  experimental  approach  for  the  assessment  of  de¬ 
gradation  included  chemical  tests,  scanning  electron  microscopy, 
differential  thermal  analysis  (DTA) ,  and  measurements  of  tensile 
properties  on  fabric  samples  made  from  delustered  nylon  6.6  spun 
yarns  exposed  to  Xenon-arc  radiation  in  a  Weather-Ometer . 
Selected  data  are  summarized  in  Table  2.7.  It  is  evident  that 
the  presence  of  SO 2  increases  the  extent  of  degradation  for  a 
given  exposure,  both  in  the  presence  and  in  the  absence  of 
water  spray.  Scanning  electron  microscopy  studies  of  exposed 
samples  showed  that,  although  the  presence  of  SO2  accelerates 
degradation,  it  does  not  alter  the  appearance  of  fiber  surfaces 
(pitting  and  cavities)  unless  a  water  spray  is  used  during  the 
exposure  cycle.  Results  obtained  by  DTA  were  interpreted  as 
evidence  of  changes  in  microstructure  resulting  from  exposure 
to  light  and  air  contaminated  by  S02,  but  the  nature  of  these 
changes  was  not  characterized. 

The  effect  of  UV  radiation  from  a  Carbon-arc  Bource 
(Fadeometer)  on  the  tensile  behavior  of  air-dry  and  wet  nylon 
fibers  at  defined  levels  of  extension  below  rupture  has  been 
postulated  to  be  of  particular  significance  in  the  context  of 
proposed  photodegradation  mechanisms  involving  both  chain 
scission  and  crosslinking  (Morton,  1973) .  Accordingly,  ob¬ 
served  changes  in  tensile  moduli,  stress  decay  and  elastic 
recovery  of  samples  irradiated  for  up  to  100  hours  were  inter¬ 
preted  as  reflecting  the  relative  extents  of  scission  and 
crosslinking  reactions.  However,  in  this  author's  discussion 
of  results,  there  seems  to  be  some  confusion  regarding  the 
distinction  between  molecular  and  structural  changes,  and  their 
effects. 

The  changes  in  fine  structure  and  morphology  of  nylon  6,6 
caused  by  near-UV  radiation,  have  been  examined  in  some  depth 
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Table  2.7 


Properties  of  Nylon  6.6  Fabric  Exposed  for  168  Hours 


* 


Program  Cycle 

Exposure 

Conditions 

Relative 

Breaking 

Load 

Relative 

Extension 

Relative 

Viscosity 

Continuous  light? 

Control 

1.00 

1.00 

51 

no  water  spray 

Light  A  air 

0.87 

0.83 

— 

Light  A  air 
+  0.2  ppm 

SO?, 

0.52 

0,56 

28.6 

Two-hr.  cycle  of 

Control 

1.00 

1.00 

102  min  light, 
followed  by  18 

Light  A  air 

0.61 

0,58 

27.0 

min  of  light  and 

Light  A  air 

0.23 

0.31 

12.8 

water  spray 

+  0.2  ppm 

S02 

■ 

* 


Weather-Ometer 


black  panel  temperature  68°C;  RH  «  42% 


(Stowe  et  al.,  1973,*  Fornes,  et  al.,  1973).  Near-UV  radiation, 
found  on  the  earth's  surface,  had  been  shown  to  be  the  most 
severely  damaging  to  fiber  properties  (see  Section  3.1  above; 
Singleton  et  al. ,  1965),  but  the  work  of  Stowe  et  al.  provides 
the  first  report  of  work  specifically  focused  on  the  effects  of 
UV  radiation  on  fiber  morphology.  Measurements  of  viscosity, 
density,  acid  dye  take-up,  wideline  nuclear  magnetic  resonance 
(NMR) ,  and  differential  scanning  calorimetry  (DSC)  were  employed 
to  assess  structural  changes  caused  by  radiation  exposure  in  a 
dry  oxygen  atmosphere  for  a  commercial,  delustered  nylon  6.6 
yarn  (630  den,  104  filament)  from  which  the  spin  finish  was 
removed.  Anionic  dyeing  was  sensitive  to  small  changes  in 
fiber  structure,  and  detected  UV  effects  at  low  exposure  times. 
Wideline  NMR  detected  changes  only  after  240  hours'  exposure. 
Results  of  density,  visaosity,  and  DSC  measurements  provided 
support  for  and  were  consistent  with  the  results  of  dyeing  and 
NMR  experiments. 

The  overall  results  of  the  study  confirmed  that  photo¬ 
oxidation  at  low  energy  levels  causes  chain  scission  and  reduc¬ 
tion  in  molecular  weight  primarily  in  the  amorphous  regions  of 
the  fiber.  No  measurable  crosslinking  occurred  under  the  con¬ 
ditions  studied.  Increased  density  and  percent  crystallinity, 
in  conjunction  with  reduction  of  dye  diffusion  rate,  and  other 
data,  showed  that  there  was  a  measurable  increase  in  molecular 
order  on  prolonged  UV  exposure:  The  explanation  suggested  was 
that  newly  free  chain  ends  resulting  from  photo-oxidative 
cleavage  of  polymer  chains  in  the  amorphous  regions  of  the  fiber 
could  relax  into  a  crystalline  configuration. 

Norwith standing  the  numerous  investigations  on  the 
mechanisms  and  effects  of  photochemical  degradation  in  poly¬ 
amides,  considerable  uncertainty  remains  regarding  concurring 
chain  scission  and  crosslinking  reactions  in  irradiated  nylon 
fibers.  This  problem  was  discussed  in  a  recent  publication 
(Yano  and  Murayama,  1980)  on  the  photodegradation  of  nylon  6, 
reporting  on  changes  in  the  dynamic  mechanical  properties  of 
nylon  6  film  irradi.ated  with  spectrally  dispersed  UV  light. 
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Increases  in  the  modulus  of  elasticity  and  in  density  on 
irradiation  with  light  below  300  nm  were  attributed  to  cross- 
linking,  and  a  kinetic  analysis  of  photodegradation  of  nylon  6 
entailing  simultaneous  occurrence  of  chain  scission  and  cross- 
linking  is  presented  in  this  work. 

Another  aspect  of  the  photodegradation  of  nylon,  namely 
interactive  effects  of  material  composition,  exposure  conditions, 
and  chemical  change  on  the  fracture  morphology  of  yarns  exposed 
to  light  (Hear la  and  Lomas,  1977)  has  been  studied  on  semi- 
dull  nylon  66  monofil  exposed  to  sunlight  behind  glass,  for 
periods  of  time  ranging  from  2  days  to  24  weeks.  Large  changes 
in  apparent  fracture  morphology  were  accompanied  by  remarkably 
small  losses  in  breaking  load  and  breaking  extension  of  the 
fiber,  even  after  24  weeks’  exposure.  As  part  of  this  study, 
similar  results  were  obtained  on  samples  of  high  tenacity  bright 
multifilament  yarn  exposed  to  sunlight  in  Florida  for  2  and  3 
months,  although  the  appearance  of  the  fractured  filaments 
(which  did  not  contain  delustrant)  was  significantly  different 
in  this  case.  The  effect  of  TiOa  on  fracture  morphology,  and 
mechanism  of  failure  in  light-degraded  filaments,  is  discussed 
at  some  length  in  conjunction  with  the  experimental  observations 
made  by  the  authors,  and  by  other  investigators. 

5*  Photochemical  degradation  of  polyester  (PET) .  The 
detrimental  effects  of  exposure  to  UV  radiation  on  mechanical 
properties  are,  as  a  first  approximation,  less  pronounced  f c r 
polyester  (PET)  than  for  polyamide  (nylon  6.6  and  nylon  6) 
fibers.  This  is  Illustrated,  for  example,  by  some  results 
obtained  in  the  evaluation  of  photochemical  degradation  of 
different  yarns  (Shah  and  Srinivasan,  197.5,  1978)  reproduced  in 
Figs.  2-3  and  2i-4.  Because  of  the  large  number  of  experimental 
variables,  and  the  uncertainties  involved  in  generalization, 
the  comparisons  shown  are  to  be  considered  merely  indicative  of 
approximate  ranking.  Perhaps  for  historical  reasons,  the 
literature  on  photochemical  degradation  and  weathering  of 
polyester  fibers  "per  se"  is  less  extensive  than  on  polyamides, 
and  although  numerous  reports  have  been  published  on  various 
aspects  of  the  degradation  of  the  polymer  by  UV  light,  the 
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investigations  have  been  primarily  focused  on  the  mechanism  of 
photochemical  degradation,  and  on  specific  techniques  employed 
to  detect  and  characterize  the  chemical  reactions  occurring  as 

a  result  of  UV  exposure. 

The  effects  of  environment  (oxygen,  nitrogen  and  vacuum) , 
and  of  the  wavelength  of  incident  light  on  tensile  properties 
have  been  examined  for  DACRON  fibers  and  for  MYLAR  films 
(Stephenson  and  Wilcox,  1963)  in  a  study  designed  primarily  to 
establish  the  ratio  of  scission  to  orosslinking  reactions  in 
irradiated  PET.  Under  the  conditions  used,  fibers  deteriorated 
at  the  same  rate  as  films,  and  "orientation  of  the  (pet)  fibers 
seemed  to  be  unaffected  by  UV  irradiation".  A  later  study  of 
the  photolysis  of  PET  (Marcotte  et  al.,  1967),  was  also 
directed  at  the  characterization  of  chemical  changes  occurring 
when  PET  film  was  exposed  in  vacuo  to  monochromatic  light  of 
specified  wavelengths. 

The  effect  of  photochemical  degradation  on  properties  was 
one  of  the  objectives  of  work  reported  in  a  series  of  four 
papers  (Day  and  Wiles,  1972,  I,  II,  III;  Blais,  Day  and  Wiles 
1973,  IV)  which  cover  several  aspects  of  the  problem  and  are 
relevant  to  the  subject  matter  of  this  report.  The  work 
reported  in  these  publications  was  carried  out  on  commercial  PET 
films,  varying  the  conditions  of  exposure,  wavelength  and 
environment. 

In  the  first  series  of  experiments  (Day  and  Wiles,  1972  [I]), 
film  samples  were  exposed  in  a  (Carbon-arc)  Fadeometer  and  in  a 
(Xenon-arc)  Weather-Ometer  in  order  to  compare  the  effect  of 
different  spectral  distributions  calculated  for  these  two  light 
sources  on  the  tensile  properties  of  irradiated  film  samples  and 
on  molecular  weight.  The  effect  of  1000  hours'  irradiation  on 
the  number-average  molecular  weight  of  three  film  samples  is 
shown  in  Table  2>8.  The  greater  decrease  in  observed  for 
Xenon-arc  irradiation  is  consistent  with  the  greater  strength 
losses  observed,  and  with  other  data.  In  the  second  paper  of 
this  series  (Day  and  Wiles,  1972  [II]),  the  effect  of  wave¬ 
length  and  environment  on  the  decomposition  process  of  a  PET 
film  containing  no  UV  stabilizer  was  studied  in  greater  detail. 
The  light  source  was  a  high-pressure  mercury  arc  in  which  the 


Table  2 . 8 

Changes  in  m.wt.  for  PET  Films 
Exposed  to  Light 


Film  Number  Initial  IT  Xenon-Arc  Final  IT  Carbon-Arc  Final  FT 

_  _  n  _  n  _ n 


wavelength  range  was  varied  by  the  use  of  appropriate  filters. 

The  effect  of  irradiation  wavelength  on  the  properties  measured 
showed  that  the  cut-off  wavelength  of  the  filter  plays  an  impor¬ 
tant  part  in  the  rate  and  nature  of  the  photodegradation.  A 
strong  correlation  was  observed  between  tensile  strength  and 
surface  deterioration  measured  by  infrared  (ATR)  and  fluorescence 
techniques.  This  was  attributed  to  fracture  propagation  from 
the  surface  when  tension  is  applied  to  the  polymer.  It  was 
concluded  that  the  critical  wavelength  in  photochemical  degrada¬ 
tion  of  PET  corresponds  to  about  310  nm,  with  radiation  at 
shorter  wavelengths  resulting  in  rapid  deterioration  of  physical 
properties  as  a  result  of  major  photochemical  change  in  the 
surface#  but  not  the  bulk,  of  the  polymer  film. 

Subsequent  work  on  vacuum  photolysis,  and  photo-oxidation 
of  PET  film  (Day  and  Wiles,  1972 [III])  exposed  to  light  of  pre¬ 
determined  wavelengths  was  designed  to  provide  additional  data 
in  support  of  the  mechanism  of  photochemical  decomposition  of 
PET  postulated  on  the  basis  of  the  prior  work.  The  surface 
changes  observed  (Day  and  Wiles,  1972  [II])  were  examined 
further  in  concluding  work  (Blais  et  al.,  1973)  in  which  pref¬ 
erential  surface  photodegradation  was  confirmed  by  several 
analytical  techniques  for  PET  film  exposed  to  UV  light  in  a 
Xenon-arc  Weather-Ometer ,  even  though  conventional  electron 
microscopy  revealed  little  change  in  the  appearance  of  irradiated 
film.  The  conclusion  of  this  work  was  that  UV-induoed  photo¬ 
chemical  deterioration  of  PET  films  leads  to  extensive  surface 
degradation  even  under  moderate  irradiation.  On  prolonged 
exposure#  progressive  deterioration  of  the  interior  is  evident. 
Selected  chemical  data  of  a  PET  film  front  surface 
(dp  -  0.17y)  as  a  function  of  irradiation  time  are  summarized 
in  Table  2.9  (Blais  et  al.,  1973,  p.  1900).  It  is  evident 
that  photochemical  reactions  occurring  in  the  surface  layers 
cause  chain  scission  and  drastic  decreases  in  molecular  weight. 
The  author  also  concludes  that  "the  mechanical  properties  of 
the  deteriorated  surface  are  grossly  .different  from  those  of 
the  interior",  but  the  evidence  in  support  of  this  statement  is 
to  be  found  only  in  the  appearance  of  transverse  fracture 


surfaces  (SEM)  in  which  the  side  exposed  to  radiation  is 
granular  and  "suggestive  of  brittle  failure". 


Table  2.9 

Chemical  Change  in  PET  Film  as  a 
Function  of  Irradiation  Time 

Irradiation  time,  hours  0  66  191  555 

■■■■■ . -COOH  groups  x  10®  equiv  g”1  41.4  219.9  481.2  700.3 

Repeat  units/polymer  chain  103  22  10  6 

6.  Photostabilization .  The  photostabilization  of  a  light- 
sensitive  commercial  polymer  (e.g.  polyamides)  involves  the 
retardation  or  elimination  of  photochemical  processes  that  occur 
during  degradation.  It  has  been  reaently  proposed  that  photo¬ 
stabilization  may  be  attained  by  four  general  mechanisms  which 
have  been  designated  ast 

(Allen  and  McKellar,  1978) s 

(1)  Light  screening— the  light  capable  of  initiating 
photodegradation  is  "screened"  by  incorporating  additives  of 
high  reflectance  into  the  polymer  (e.g.  ZnO,  MgO,  CaCOji  iron 
oxides ,  chromium  oxides ,  etc . ) . 

(2)  Light  absorption— the  stabilizer  (UV  absorber) 
prevents  light  from  reaching  the  photoactive  species  in  the 
polymer  by  absorbing  it  and  dissipating  it  by  some  rapid  process 
of  internal  conversion.  Effective  UV  absorbers  are  those  which 
have  high  absorbance  in  the  wavelength  range  which  is  most 
harmful  to  the  polymer  (e.g.  2-hydroxy-benzophenones  and 
2-hydroxybenzo-triazoles  are  widely  used  for  polyamides). 

(3)  Excited-state  quenching— the  stabilizer  deacti¬ 
vates  the  photoactive  species  by  one  or  more  energy-transfer 
processes  before  chemical  reactions  leading  to  polymer  degrada¬ 
tion  are  initiated  (e.g.  complex  chelates  of  transition 
metals,  usually  Nickel) . 

(4)  Radloal  scavenging— inhibition  of  the  chain 
propagation  processes  that  occur  during  oxidation  of  the  polymer 
is  obtained  by  adding  radical  scavengers  (peroxy,  alkoxy  or 
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alkyl  radical  involved  in  oxidation) .  Examples  of  radical 
scavengers  (antioxidants)  are  phosphites,  thio-dipropionate 
esters,  dialkyl  dithiocarbamates.  In  many  ^ases,  antioxidants 
are  used  in  combination  with  UV  absorbers  to  provide  more 
efficient  protection. 

Many  examples  of  specific  compounds  reported  to  be  effec¬ 
tive  photostabilizers  can  be  found  in  the  patent  literature,  and 
in  several  reviews  and  textbooks.  A  critical  evaluation  of 
their  relative  merits,  and  limitations,  would  require  an  in-depth 
study  of  the  technical  literature  on  the  subject.  A  recent 
book  (Ranby  and  Rabek,  1975)  may  provide  an  appropriate  starting 

point  for  this  study. 

* 

OXIDATIVE  AND  THERMO-OXIDATIVE  DEGRADATION 

The  role  of  oxidative  reactions  in  the  photochemical 
degradation  of  nylon  and  polyester  has  been  discussed  in  the 
preceding  section.  Other  aspects  of  oxidative  degradation, 
pertaining  to  ef feats  of  oxygen  in  conjunction  with  water,  and 
with  elevated  temperature,  are  briefly  reviewed  below,  including 
some  reported  results  on  the  effect  of  thermal  exposure  in  air, 
and  in  moist  air,  on  physico-chemical  properties  of  fibers. 

The  experimental  protocols  of  reported  investigations  differ 
considerably,  and  specific  references  have  been  selected  primarily 
for  their  potential  relevance  to  the  subject  matter  of  the 
present  report.  Oxidative  degradation  of  rope  in  use  may  result, 
for  example,  from  changes  in  supramolecular  structure  and 
increased  accessibility,  from  increased  sorption  of  oxygen  on 
surfaces  "eroded"  or  altered  by  chemical  degradation  and/or  by 
mechanical  wear,  or  from  diffusion  of  oxygen  into  water 
surrounding  the  fibers  in  the  rope  structure  during  actual  use. 

A  study  of  "wet  oxidation"  of  undrawn  nylon  66 
(Mikolajewski  et  al. ,  1964)  was  carried  out  on  rope  yarns  from 
sources  characterized  as  follows: 

(A)  yarns  from  new  undrawn  ropes  of  2-inch  circumference 
(and  yar np  from  unserviceable  returned  ropes  of  the 
same  construction) , 

(B)  new  undrawn  singles  yarn  as  used  for  (A) , 
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(C)  material  dating  from  1956  in  the  form  of  undrawn  ropes 
of  2-1/2-inch  circumference, 

(D)  drawn  nylon  cordage  complying  with  British  Aircraft 
Materials  Specification. 

The  properties  of  the  materials  are  summarized  in  Table  2. 10 

Table  2.10 


Properties  of  Plied  Nylon  Yarns  from  New  Ropes 


Jhl _ 

_J2) 

J SI _ 

-JPI- 

Mo.  of  filaments  (approx.) 

200 

10 

136 

360 

Count,  tex  (g/Km  length) 

209 

9.8 

445 

130 

Breaking  strength  (”g) 

2.2 

— 

3.6 

5.6 

Tenaaity  g/tex 

10.6 

— 

8.2 

43.8 

Breaking  extension  % 

234 

267 

579 

— — 

Delustrant  (anatase  TiOa)  % 

0.3 

— — 

0.04 

0.3 

Filament  diameter  tu) 

35 

— — 

— — 

10 

Results  of  experiments  on 

yarn  (A) , 

immersed  in  distilled 

water  at  temperatures  ranging 

from  20#C 

to  100°C 

,  showed 

that 

the  rate  of  degradation  evidenced  by  changes  in  tenacity  increased 
with  increasing  temperature,  but  was  lower  at  100 °C  than  at  any 
temperature  between  40°C  and  90°C,  possibly  as  a  result  of 
"greatly  reduced  oxygen  pressure  at  the  boil".  The  rate  of 
degradation  of  all  the  samples  in  water  was  increased  by 
replacing  air  with  oxygen,  or  water  with  II2O2  solution,  partic¬ 
ularly  in  the  precence  of  iron  salts.  Drawing  of  the  yarn  (A) 
by  200%  decreased  the  rate  of  degradation  in  water  at  60 °C, 
and  drawn  yarn  (D)  suffered  no  significant  strength  loss  after 
100  days'  immersion  in  water  at  60 °C.  The  absorption  of 
oxygen  by  nylon  Immersed  in  distilled  water  at  60°c  from  air  and 
from  an  atmosphere  of  oxygen  was  measured  experimentally,  and 
by  plotting  rate  of  oxygen  uptake  vs.  absorption  of  oxygen,  and 
extrapolating  to  zero  rate,  a  maximum  oxygen  uptake  of  about  30 
moles  by  10"g  of  nylon  from  both  air  and  oxygen  was  calculated. 

The  results  obtained  when  nylon  6.6  and  nylon  6  yarns  were 
exposed  in  air,  nitrogen  and  vacuum  to  temperatures  ranging 
from  1368C  to  215°C  for  periods  of  5  min  to  17.5  hours  have 
been  reported  (Valko  and  Chiklis,  1965).  In  one  aspect  of  this 
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work,  the  role  of  air  in  the  heat  degradation  process  was 
assessed  by  exposing  yarn  samples  to  168°C  for  90  minutes  in  air, 
and  in  a  stream  of  preheated  oxygen- free  nitrogen.  The  loss  of 
strength,  which  was  33%  in  air  and  2%  in  nitrogen,  was  inter¬ 
preted  as  showing  that  thermal  degradation  in  air  is  essentially 
oxidative  in  nature.  Other  aspects  of  the  investigation 
included  experiments  on  the  effects  of  thermal  exposure  on 
molecular  weight,  acid  sorption,  and  end  group.  It  was  also 
established  that  exposure  to  heat  reduced  the  equilibrium 
moisture  content  of  the  yarn  (at  6  51  RH,  70 °P)  ,  independently  of 
the  presence  or  absence  of  oxygen  or  of  antioxidant  in  the  fiber. 
This  change  was  interpreted  as  reflecting  secondary  crystalliza¬ 
tion  "in  a  broad  sense". 

The  response  of  nylon  6.6  fibers  to  oxygenated  water  at 
80°C  was  investigated  in  depth  (Vachon  at  al,  1965;  1968) .  The 
initial  observation  of  deep  crevices  in  surfaces  of  undrawn 
nylon  66  fibers  treated  with  oxygenated  water  at  80 "C  (1965) 
motivated  a  study  of  the  extent  of  chemical  degradation  as  a 
function  of  time  for  drawn  and  undrawn  nylon  66  filaments 
exposed  to  oxygenated  aqueous  systems  under  controlled  condi¬ 
tions  (1968).  Measurements  of  viscosity — average  moleaular 
weight,  end  groups,  oxygen  absorption,  density  revealed  a  signi¬ 
ficant  effect  of  pH  on  the  chemical  and  structural  changes 
observed  (maximum  rate  of  degradation  at  pH  8.3),  and  a  tenta¬ 
tive  mechanism,  including  pH  dependence,  for  the  auto-oxidation 
of  nylon  was  postulated  on  the  basis  of  these  results. 

Lisitsyn  et  al.  (1971)  studied  the  changes  in  fiber  tensile 
strength,  elongation,  and  cyclic  bending  strength,  under  con¬ 
ditions  of  accelerated  ageing,  and  also  the  temperature  depen¬ 
dence  of  thermo-oxidative  processes  before  and  after  aqueous 
heat  treatment  for  Capron  polyamide  (nylon  6)  tire  yarn  which 
had  been  processed  in  various  manners.  It  was  shown  in  this 
work  that  the  rate  of  change  in  properties  is  slower  for  fibers 
subjected  to  aqueous  heat  treatment  in  the  stressed  state,  and 
that  a  boiling  water  treatment  inhibits  changes  in  morphological 
structure  of  the  fibers  during  the  thermo-oxidative  degradation 
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process.  Results  were  discussed  in  the  context  of  the  relation¬ 
ship  of  structural  development  in  the  fiber  to  the  effects  of . • 

thermo-oxidative  degradation.  The  effect  of  temperature-tin 
morphological  structure  was  characterized  by  rneashring  the 
swelling  and  dissolution  time  of  1  mm- long  pieces  of  fiber  in  a 
23.5%  solution  of  HjSOi*  (observed-  in  a  light  microscope)  . 

Although  prolonged  exposure  of  the  entire  rope  to  elevated 
temperature  is  not  likely  to  be  encountered  in  use,  it  is 
appropriate  to  consider  the  occurrence  of  localized  temperature 
rise  in  some  sections  of  -the* 'rope,  and  thus  the  possibility  of 
thermal  and/or  thermo^Oxidative  degradation  events  occurring  in 
Ysolated*  sitps  within  the  rope  over  a  period  of  time. 

)  . 

OMMERSIONIN  water  and  aqueous  solutions 


I  <;„>r*Many  aspects  of  the  response  of  fibers  to  water  and  to 
v  aqueous  solutions  are  important  determinants  of  properties.  In 
tjhe  case  of  water  in  fibers,  equilibrium  moisture  regain  and 
.equilibrium  swelling,  which  depend  on  the  molecular  and  micro- 
structural  features  of  the  particular  polymer,  govern  the  water 
content,  and  the  fiber  properties  under  specified  conditions  of 
exposure  (relative  humidity)  or  immersion.  In  the  case  of 
aqueous  solutions  of  compounds  (e.g.  acids,  oxidizing  agents, 
salts,  etc.)  whic^h  can  initiate,  accelerate,  or  cause  chemical 

degradation  reactions,  penetration  of  the  aqueous  solution, . aftd 

interaction  of  the  solute  with  the  polymer-  substrate  will  also 
have  significant  effects,  and  in  some  instances,  control  degra- 
dative  reactions  in  the  heterogeneous  Bystem  comprising  fiber 
and  solution,  reflected  in  changes  in  fiber  properties  under  the 
conditions  of  immersion.  The  results  of  selected  studies  of 
these  effects,  believed  to  be  relevant  to  the  investigation  of 
rope  deterioration  in  use,  are  discussed  below  with  reference 
to  the  general  concepts  of  (1)  water-polymer  interactions 
(swelling),  (2)  heterogeneous  degradation  in  aqueous  systems, 
and  (3)  chemical  degradative  stress  cracking  in  aqueous  solutions. 

1.  Water-polymer  interactions  (swelling).  The  effect  of 
the  presence  of  water  in  fibers,  both  at  equilibrium  regain  level 
and  completely  wet  out,  on  the  T  ,  and  the  significance  of  the 
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"wet  Tg"  of  fibers  have  been  discussed  in  conjunction  with  a 
review  of  methods  for  measuring  Tg  that  are  particularly  adapt¬ 
able  to  fibers  in  the  dry  and/or  in  the  wet  state  (Fuzek,  1980) . 
The  equi librium  moisture  content  of  fibers  (70°Ff  65%  RH)  was 
shown  to  lower  the  Tg  for  many  fibers,  and  further  reductions 


in  Tg  were  shown  to  occur  when  the  fiber  was  allowed  to  wet  out 


in  water  until  equilibrium  saturation  was  reached, 
are  shown  in  Table  2.11  below. 


Some  data 


Table  2.11 


Tq  for  Wet,  Conditioned  and  Dry  Fibers 


Fiber 


T  °C 
<3 


%  Water  in 
Wet  Fiber 


%  Moisture 
Regain 


Conditioned  Dry  Wet 


(75°F  65%RH)  (Calcd) (24  hrs 

in  water ) 


Polyester  (PET) 
Nylon  6.6 


71 

40 


73 

59 


57 

29 


6.e 

6.1 


0.4 

4.2 


The  lowered  T^  has  significant  affects  on  fiber  properties, 
and  some  of  these  relationships  have  been  studied  and  interpreted 


in  detail  over  many  years.  For  example,  the  plasticizing  effect 
cf  water  vapor  and  its  relationship  to  the  dynamic  mechanical 
propertied  of  nylon  66  monofilaments  has  been  investigated  over 
a  wide  humidity  range  at  9°C,  35°C,  and  60°C  (Quistwater  and 
Dunell,  1958;  1959).  Results  showed  dispersion  of  mechanical 
properties  with  change  in  humidity  at  each  temperature. 

More  recently,  the  influence  of  water  molecules  on  molecular 
motion  in  wet  commercial  nylon  6.6  fibers  at  room  temperature 
has  been  examined  by  pulsed  NMR  techniques  (Smith,  19'.  6).  Based 
on  a  chain-folded  model  of  semicrystalline  fiber  morphology, 
the  behavior  observed  was  explained  in  terms  of  mobilization  of 


amorphous  chain  segments  above  the  Tg,  and  of  the  ability  of 
these  segments  to  be  plasticized  by  water  molecules. 


The  Proceedings  of  a  symposium  on  "Water  in  Polymers" 
(Rowland,  Editor,  1980)  include  a  paper  on  water  in  nylon  66 
film  (Starkweather,  1980)  in  which  evidence  is  presented  in 
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oupport  of  the  concept  that  the  water  first  absorbed  and  most 
tightly  bound  is  hydrogen-bonded  to  the  oxygen  atoms  of  amide 
groups  in  the  amorphous  regions,  and  that  "clustering*'  of  water 

then  begins. 

The  effect  of  water  on  dimensional  changes  in  polymer  sub¬ 
strates  has  been  the  subject  of  countless  investigations. 
Illustrative  reports  are  summarized  below. 

An  interesting  study  of  the  variation  in  length  of 
"suddenly  moistened"  polyamide  fibers  has  been  carried  out  for 
fibers  of  various  thickness  at  temperatures  of  20 °C  to  80 °C 
(Kunzman,  1961) .  The  change  in  length  was  found  to  be  delayed 
as  compared  to  water  absorption,  and  the  delay  was  theoretically 
considered  as  a  relaxation  process. 

Dimensional  changes  in  unoriented  nylon  6  film  on  absorption 
and  desorption  of  water  have  bean  studied  as  a  function  of  time 
and  amount  of  absorbed  water  (Inoue  and  Hoshino,  1976).  The 
behavior  was  found  to  be  similar  to  that  previously  reported  for 
nylon  6  fiber  (Kunzman,  1961;  Takagi  and  Hattori,  1965)  and  the 
authors  concluded  that  there  is  no  esnential  difference  in  the 
mechanism  of  swelling  for  fibers  and  films  made  from  a  specific 
polymer.  A  theoretical  analysis  was  based  on  assumption  that 
the  modulus  of  the  polymer  is  determined  only  by  the  instan¬ 
taneous  concentration  of  absorbed  water.  This  analysis  gave  good 
agreement  with  experimental  results,  and  showed  that  the  charac¬ 
teristic  swelling  behavior  of  unoriented  nylon  6  film  ariseo 
from  instantaneous  relaxation  of  the  polymer  molecules,  without 
time  lag  between  water  absorption  and  polymer  expansion.  The 
effect  of  molecular  orientation  on  dimensional  changes  caused 
by  swelling  in  nylon  6  films  of  different  degrees  of  orientation 
and  comparable  crystallinity  was  studied  in  a  subsequent  investi¬ 
gation  (Inoue  and  Hoshino,  1977)  which  is  perhaps  of  more  direct 
interest  with  regard  to  the  swelling  behavior  of  fibers.  On  the 
basis  of  the  results  of  this  later  work,  it  was  concluded  that 
the  degree  of  linear  swelling  in  water  is  determined  by  the 
distance  between  crystallites,  which  depends  on  molecular  orien¬ 
tation,  such  that  swelling  is  greater  in  the  orientation 
direction  than  in  the  direction  perpendicular  to  it. 


Measurements  of  longitudinal  swelling  in  water  for  commer¬ 
cially  available,  drawn  nylon  6.6  filaments  (and  fabrics)  before 
and  after  heat  setting  treatments,  and  the  effects  of  longitudinal 
swelling  on  the  stresses  developed  during  drying  of  moist  speci¬ 
mens  have  also  been  reported  (Shishoo,  1977).  Dimensional 
changes  in  multifilament  nylon  6.6  yarn  (taken  from  fabric) 
after  wetting,  drying  and  conditioning,  are  shown  below  in 
Table  2.12. 

Table  2.12 

Change  in  Length  (%  of  Original  Length)  Nylon  6.6  Yarn  from  Fabric 


Specimen 

Wetting 

Drying  at 

3.2%  RH,  30°C 

Conditioning  at 
65%  RH,  20°C 

Not  set 

+1.37 

—  0.3 

+0.43 

Washed  and  dried  at 
150°C 

+2.15 

0 

+0.97 

Heat  set  (slight 
tension) 

+3.35 

+0.25 

+1.64 

Heat  set  (no  ten¬ 
sion) 

+5.70 

+1.74 

+3.92 

Measurements  of 

stress  changes  during  drying  on 

specimens 

held  at  constant  length  showed  an  initial  Btress  decay,  followed 
by  a  sharp  rise  in  stress  due  to  deswelling  of  filaments.  The 
increase  in  stress  was  largest  for  specimens  heat-set  without 
tension,  and  the  level  of  stress  recovery  during  drying  was 
dependent  on  the  magnitude  of  the  reversible  longitudinal  swelling 
due  to  wetting  (see  Table  2.12,  first  column). 

The  effect  of  water  at  various  temperatures  on  fatigue  was 
studied  in  conjunction  with  a  comparison  of  the  effects  of 
adverse  environments  on  tensile  and  fatigue  properties  of 
nylon  6.6  fibers  (Hearle  and  Wong,  1977).  A  comparison  of  median 
fatigue  life  of  nylon  6.6  in  tap  water  and  in  air  under  different 
conditions  of  testing  (shown  in  Table  2.13)  demonstrates  the 
extent  to  which  water  reduces  the  fatigue  life  of  nylon  6.6 
fibers— presumably  by  reducing  intermolecular  cohesion  and 
allowing  slippage  of  adjacent  molecules  past  one  another. 

An  extensive  study  of  the  effect  of  moisture  on  fatigue 
crack  propagation  in  injection-molded  plaques  of  nylon  6.6 


Nylon  6.6  Fibers 


Median  Life  (cycles ) 


'v^>^Mas8^ 

of  applied  weight  (g) 

Strain 

Amplitude 

% 

In  air 

13.6 

22.1 

28.4 

In  water 

13.6 

22.1 

28.4 

31,090 

8,832 

4,424 

14,400 

2,351 

1,720 


19,855 

4,740 

2,151 

7,330 

1,123 

800 


(Bretz  et  al.,  1980)  led  to  several  major  conclusions  concerning 
fatigue  mechanisms.  The  results  of  this  investigation  showed 
that  fatigue  crack  growth  rates  in  nylon  66  are  very  sensitive 
to  moisture  content  in  the  range  from  <0.2  wt  %  ("dry")  to 
8.5  wt  %  (saturated).  A  twenty-five-fold  variation  was  found  to 
exist  between  the  fastest  and  the  slowest  rate.  (The  authors 
warned ,  however,  that  the  fatigue  response  as  a  function  of 
water  content  is  strongly  dependent  on  the  test  method.) 

The  effect  of  absorbed  water  on  the  dielectric  constant  and 
on  the  density  of  polyesters  (including  PET)  has  been  studied 
(Ito  and  Xobayashi,  1980),  primarily  for  the  purpose  of  providing 
data  for  the  design  of  electric  insulation  materials.  It  was 
clearly  established  in  this  work  that  even  the  very  small  amounts 
of  water  absorbed  by  hydrophobic  polyesters  have  significant 
effects  on  the  physical  and  electrical  properties  of  the  materials. 

2.  Heterogeneous  chemical  degradation  reactions  in  aqueous 
media.  The  subject  of  chemical  degradation  in  heterogeneous 
systems,  when  the  polymer  or  fiber  is  immersed  in  an  aqueous 
solution  of  compounds  which  may  induce,  catalyze  or  accelerate 
degradation  reactions,  is  obviously  broad  and  complex:  Suffice 
it  to  mention  hydrolytic  scission  of  polymer  chains,  pH  effects 
in  oxidative  degradation,  and  sorption  of  gaseous  contaminants 
from  the  environment  by  moist  polymer  as  potential  causes  of 
degradation.  For  fibrous  substrates  exposed  in  the  presence  of 
water  to  chemical  substances  commonly  encountered  in  use,  the 
range  of  probable  exposures  is  limited,  and  there  are  several 
reports  of  interest  in  the  technical  literature. 

An  investigation  of  degradation  of  undrawn  nylon  66  under 
"wet  or  humid  conditions"  at  temperatures  between  50pc  and  90°C 
(Mikolajewski  et  al.,  1964)  included,  for  example,  the  results 
summarized  in  Table  2.14  in  conjunction  with  experiments  on 
oxidative  degradation  for  the  rope  yarns  described  in  Table  2.10 
and  discussed  earlier  in  this  report.  There  are  some  inter¬ 
esting  anomalies  in  the  results,  including  the  profound  effect 
of  relative  humidity  at  60°C,  and  the  difference  in  effect 
between  saturated  NaCi  and  1%  NaCJt.  These  are  acknowledged  by 
the  authors:  However,  the  objective  of  the  work  was  primarily  to 
study  the  mechanism  of  oxidative  degradation  of  nylon  in  the 
presence  of  water,  and  only  limited  data  were  presented  on 

2.42 


effects  of  aqueous  solutions  other  than  H2Q2. 

The  kinetics  of  specific  degradation  reactions,  including 
hydrolysis,  of  semidull  nylon  6  fibers  in  heterogeneous  medium 
at  40°C  to  60°C  has  been  investigated  (Bhattacharya  and  Lokhande, 
1976).  Predictably,  the  rate  of  hydrolysis  was  shown  to  be 
strongly  dependent  on  the  temperature  of  the  aqueous  acid  medium 
(5%  HC&) .  Hydrolytic  attack  at  a  given  temperature  was  found  to 
be  initially  rapid,  and  slower  as  the  reaction  proceeded.  The 
two  distinct  rates,  and  apparent  activation  energies  for  the 
hydrolytic  cleavage  reaction  were  interpreted  by  the  authors  as 
reflecting  attack  in  "weakly  hydrogen- bonded" ,  and  in  "strongly 
hydrogen-bonded"  regions  of  the  fiber. 

A  different  aspect  of  the  effect  of  aqueous  acid  on  poly¬ 
amide  fibers  was  studied  (Hear la  and  Wong,  1977)  by  evaluating 
the  mechanical  properties  of  nylon  6.6  fibers  immersed  in  dif¬ 
ferent  liquid  environments.  The  reduction  of  fatigue  life  at  low 
pH,  and  the  loss  of  breaking  strength  for  fibers  immersed  in 
1,0  normal  HC£  for  one  hour  prior  to  testing,  are  consistent 
with  the  rapid  rate  of  hydrolytic  degradation  of  polyamides  in 
acid  media  reported  by  other  investigators. 

3.  Chemical  degradative  stress  cracking  in  aqueous  solution 
A  specific  aspect  of  the  effect  of  degradative  aqueous  environment 
on  fibers  which  is  of  importance  in  the  context  of  this  report  is 
chemical  stress  cracking — a  fracture  phenomenon  in  which  the 
material  in  contact  with  a  chemical  environment  develops  cracks 
at  a  stress  level  which  is  lower  than  its  short-time  fracture 
strength.  It  has  been  suggested  (e.g.  Sweet  and  Bell,  1978) 
that  chemical  stress  cracking  may  be  termed  "environmental", 
"solvent",  or  "oxidative",  depending  on  whether  the  crack- 
promoting  agent  produces  no  apparent  change  in  the  polymer  sub¬ 
strate,  or  solvates  and  swells  it,  or  reacts  with  it.  According 
to  these  definitions,  aqueous  solutions  of  salts  and  of  non¬ 
reactive  compounds  may  cause  environmental  stress  cracking  in 
fibers,  and  selected  investigations  pertaining  to  this  phenomenon 
in  nylon  and  polyester  are  discussed  below. 

The  work  of  Dunn  and  Sanson  (1969,  1970)  established  by 
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infrared  (IR)  and  by  nuclear  magnetic  resonance  (NMR)  methods, 
that  among  the  many  salts  which  in  aqueous  solutions  were  found 
to  promote  cracking  in  nylons,  some  are  bound  directly  to  the 
carboxyl  oxygen  in  the  polymer  (classified  as  Type  I;  e.g,  zinc 
chloride) ,  while  others  complex  normally  with  a  hydroxy lie 
solvent  molecule  (classified  as  Type  II;  e.g.  lithium  chloride). 
It  was, postulated  by  the  authors  that  Type  I  salts  plasticize 
the  polymer  matrix  by  diffusion,  lower  the  yield  strength  and, 
as  a  consequence,  induce  stress  cracking,  while  solutions  of 
Type  II  salts  can  dissolve  polyamides,  and  cause  stress  cracking 
through  solvation.  It  was  also  proposed  by  Dunn  and  Sansom  that 
zinc  chloride,  the  most  active  halide  in  promoting  stress 
cracking  of  nylon,  is  a  Type  I  salt.  However,  subsequent  work 
on  the  stress  cracking  of  nylons  by  zinc  chloride  solutions 
(Raimschussel  and  Kim,  1978)  presented  convincing  evidence  that 
solutions  of  this  halide  have  solvent  aation  on  polyamides,  and 
that  a  close  relationship  exists  between  the  solvent  action  of 
zinc  chloride  solutions  on  nylons  and  its  effect  on  stress 
cracking.  In  the  context  of  these  results,  stress  cracking  of 
nylons  in  zinc  chloride  solutions  would  thus  be  classified  as 
"solvent  stress  cracking".  Furthermore,  it  was  shown  that 
stress  cracking  of  nylon  in  zinc  chloride  solutions  is  accel¬ 
erated  by  the  presence  of  low  molecular  weight  components,  and 
retarded  by  orientation  of  the  polymer — thus  related  to  other 
events  in  chemical  degradation,  and  to  fine  structure. 

The  fracture  morphology  of  nylon  6.6  and  nylon  6  plastic 
specimens,  strained  in  the  presence  of  salt  solutions  under  many 
different  conditions  of  testing  was  examined  in  detail  (Burford 
and  Williams,  1979),  with  the  objective  of  formulating  a  general¬ 
ized  mechanism  of  craze  formation  and  breakdown.  Tensile 


testing,  and  scanning  electron  microscopy  studies  in  (1  Molar) 
aqueous  solutions  of  ZnC^z,  CoCi2,  Lil,  LiBr  and  Mg (CiCMa 
revealed  differences  in  activity  for  the  systems  investigated, 
but  essentially  the  same  morphological  features  for  different 
salts,  solvents  and  initial  water  content  of  the  polymer.  In  a 
subsequent  paper,  the  same  investigators  (Burford  and  Williams, 
1979)  referred  to  the  environmental  stress  cracking  phenomena 
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caused  by  inorganic  salt  solutions  in  nylons  as  an  example  of 
"failure  of  hydrogen-bonded  polymers  in  the  presence  of  agents 
capable  of  disrupting  that  bonding",  and  addressed  the  problems 
of  polymer-salt  interactions,  associated  with  the  transport  of 
ions  during  fracture.  They  concluded  that  the  morphology  of 
fracture  of  nylon  crazod  in  the  presence  of  different  salts  is 
consistent  with  a  generalized  mechanism,  but  exhibits  differ¬ 
ences  that  may  be  attributed  to  salt  solution  mobility. 

Chemical  stress  cracking  in  polyester  (PET)  fibers  has  been 
recently  studied  (Sweet  and  Bell,  1978)  for  commercial  undrawn 
and  drawn  PET  yarns  (containing  0.2%  TiOa)  exposed  to  40% 
aqueous  methylamine  solution.  While  this  system  is  only  periph¬ 
erally  related  to  environments  which  may  be  encountered  by  PET 
fiber  rope  in  use,  it  is  of  interest  to  note  that  the  observed 
behavior  was  similar  to  that  of  other  stress-cracking  systems, 
and  that  creaking  during  degradation  occurred  only  when  the 
fiber  encountered  internally  or  externally  applied  stress  above 
a  critical  level.  Visible  surface  cracking  did  not  occur  until 
the  chemical  degradation  reached  a  level  which  caused  measurable 
weight  loss.  Crack  density  increased  with  increasing  draw 
ratio,  because  of  residual  stresses  created  by  higher  molecular 
orientation.  Irregularities  in  cracking  patterns  were  attrib¬ 
uted  to  variations  in  the  stress  distribution  and  structure 
within  the  oriented  fibers. 

ASSESSMENT  OF  CHEMICAL  DEGRADATION  IN  FIBERS 

The  multitude  of  factors  which  may  cause  chemical  degrada¬ 
tion  of  fibers  in  use  is  evident  from  the  discussion  of  selected 
causative  environmental  variables  in  the  preceding  sections  of' 
this  report.  The  reactions,  the  changes  in  molecular  structure, 
and  their  effects  on  microstructure,  physical  properties  and 
mechanical  response  of  exposed  fibers  and  fiber  assemblies 
present  an  overwhelming  array  of  questions  and  problems. 

These  can  be  investigated  experimentally  only  by  defining 
specific  objectives,  and  by  designing  the  conditions  of  exposure 
and  testing  in  the  laboratory  with  awareness  of  inherent  limita¬ 
tions  in  the  interpretation  of  results,  and  in  the  formulation 
of  generalizations  and  conclusions  based  on  them. 


With  these  considerations  in  mind,  the  selection  of 
methods  and  analytical  techniques  for  the  evaluation  of  chemical 
degradation  in  fibers  from  used  ropes,  presents  enormous  diffi¬ 
culties,  and  a  critical  scrutiny  of  the  literature,  suoh  as 
given  in  the  present  report,  can  offer  only  tentative  guidelines. 
An  attempt  is  made  here  to  identify  some  chemical  methods  which 
have  been  employed  effectively  in  many  applied  research  investi¬ 
gations  on  nylon  and  polyester,  for  the  purpose  of  establishing 
correlations  between  the  extent  of  chemical  degradation  encoun¬ 
tered  under  specified  conditions  of  exposure,  and  observed 
effects  on  polymer  properties.  In  concert  with  soanning  electron 
microscopy,  and  with  the  evaluation  of  changes  in  mechanical 
properties,  these  chemical  techniques  have  provided  considerable 
insight  into  the  effects  of  environmental  variables  on  molecular 
and  structural  changes  in  fibers,  and  into  the  dominant  mechanisms 
of  chemiaal  degradation  for  polyamides  and  polyesters. 

Advanced  techniques  of  instrumental  analysis  have  also  been 
used  for  the  detection  and  characterization  of  chemical  changes, 
and  for  a  quantitative  estimation  of  degradation  products.  The 
methods  of  major  interest  in  the  context  of  this  discussion 
include  (1)  determinations  of  changes  in  molecular  weight 
averages,  and  in  the  concentration  of  specific  functional 
groups  as  indicative  of  degradation  on  a  molecular  level  and 
(2)  measurements  of  moisture  regain,  swelling  and  dye  diffusion 
as  criteria  for  the  assessment  of  structural  changes. 

1.  Molecular  weight  averages  and  functional  groups. 

Changes  in  molecular  weight  averages  of  polymers  exposed  to 
degradative  environment  provide  prime  facie  evidence  of  chain 
scission.  Whan  crosslinking  of  polymer  chains  occurs  con¬ 
currently  with  cleavage  of  bonds  in  the  macromolecule,  the 
interpretation  of  observed  changes  in  molecular  weight  averages 
becomes  complex.  Identification  and  quantitative  analysis  of 
specific  functional  groups  must  then  be  combined  with  molecular 
weight  measurements  for  characterizing  the  chemical  species 
present  in  the  polymer  at  a  given  time.  For  the  case  of  nylon 
or  polyester  fibers  in  rope,  the  mode  of  exposure  is  such  that 
crosslinking  reactions  are  not  probable,  and  the  determination 
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of  molecular  weight  differences  between  exposed  and  unexposed 
fibers  may  be  of  value.  Comparisons  might  be  made,  for  example, 
for  new  fibers,  and  those  taken  from  rope  after  extended  use,  or 
for  fibers  located  in  exposed  (o.g.  surface  yarns)  and  protected 
(e.g.  inner  core  yarns)  parts  of  used  rope,  or  for  fibers  ex¬ 
posed  to  controlled  degradative  environments  in  the  laboratory 
according  to  suitable  experimental  design.  Molecular  weight 
averages  reported  in  the  literature  for  studies  of  chemical 
degradation  of  polyamides  and  polyesters  have  been  moat 
frequently  derived  from  viscosity  data  (e.g,  ASTM  D-2857-70 
[Reapproved  1977]?  [8^] >  test  method  for  dilute  solution 
viscosity  of  polymers) .  For  a  given  polymer-solvent  combination, 
the  intrinsic  viscosity  is  proportional  to  m.  wt.,  and  the 
average  viscosity  molecular  weight  [FTVJ  may  be  calculated  by 
using  the  Mark-houwink  equation, 

Cn]  -  KMa 

where  [n]  is  the  intrinsic  viscosity,  and  K,a  are  aonatants. 

Precise  and  reproducible  number-average  (Mft)  and  weight- 
average  (ffw)  molecular  weight  values  can  be  obtained  by  Gel 
Permeation  Chromatography  (GPC)  techniques  (Maley,  1965? 

Yau  et  al.,  1979).  The  value  of  tha  polydispersity  index 
(F^/fl^)  is,  furthermore,  an  important  measure  of  the  broadness 
of  molecular  weight  distribution,  because  weight  average  (fl^) 
and  number  average  (FTn)  are  each  influenced  by  an  opposite  end 
of  the  molecular  weight  population  in  the  polymer— namely ,  by 
the  concentration  of  high  m.  wt.  (K^)  and  of  low  m.  wt.  (f?n) 
species  respectively. 

Illustrative  examples  of  molecular  weight  changes  reported 
for  experimental  investigations  of  chemical  degradation  of 
nylons  and  of  polyesters  exposed  to  various  environments  are 
briefly  reviewed  below. 

The  effect  of  oxidative  environments  on  intrinsic  viscosity 
was  studied  for  drawn  and  undrawn  nylon  6.6  filaments  exposed 
to  oxygen-water  systems  at  80°  (Vachon,  1968).  The  decrease  in 
viscosity,  and  hence  molecular  weight,  as  a  function  of  time 
was  dependent  on  pH?  at  any  given  pH,  the  rate  of  degradation 
determined  from  intrinsic  viscosity  measurements  was  greater 
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for  undrawn  filaments. 

The  relationship  of  decreases  in  intrinsic  viscosity  and 
in  molecular  weight  calculated  from  it  (FT  )  for  nylon  66  yarns 
exposed  to  ultraviolet  radiation  in  the  laboratory  at  52 °C  is 
shown  in  Pigs.  2.5  and  2.6  (Stowe  et  al.,  1973).  In  this  work, 
values  for  intrinsic  viscosity  were  obtained  in  90%  formic  aoid 
at  30 *C,  using  the  ,\STM  method  D-2857-70  cited  above,  and  cal¬ 
culated  (assuming  that  no  crosslinking  or  branching  occurred) 
from  the  equation: 

fly  -  K[n]a 

with  values  of  K  ■  1.3  x  10s;  and  a  -  1.39. 

The  changes  in  number-average  molecular  weight  with 
irradiation  time  for  exposure  of  a  commercial  PBT  (MYLAR)  film 
to  Xenon-arc  and  carbon-arc  sources  ware  calculated  from 
intrinsic  viscosity  values  (measured  at  25°  in  o-chlorophenol) 
using  the  equation: 

In]  -  1.7  x  10“4  IL#,,S 

n 

(Day  and  Wiles,  1972).  Results  are  shown  in  Fig.  2.7.  The 
data  are  significant  in  that  they  reflect  the  magnitude  of 
moleaular  weight  changes  that  may  be  termed  modest,  and  severe, 
in  the  case  of  exposure  to  carbon-arc  and  Xenon-arc  respectively. 
Changes  produced  in  the  viscosity  average  molecular  weight  (FTy) 
have  been  measured,  and  results  have  been  compared  with  those 
obtained  in  ESR  (electron  spin  resonance)  spectra,  to  determine 
the  extent  of  bond  rupture  occurring  during  tensile  deformation 
of  nylon  and  polypropylene  polymer  samples,  including  nylon  6 
industrial  quality  yarn,  and  nylon  66  yarn  (Stoeckel  et  al., 
1978),  It  was  shown  that  the  amount  of  irreversible  bond  rup¬ 
ture  occurring  during  tensile  deformation  could  be  estimated 
from  changes  in  m.  wt.  In  highly  oriented  nylon  6  fibers,  the 
amount  of  chain  rupture  can  account  for  10%  to  100%  of  the 
irreversiole  work  of  tensile  deformation.  In  annealed  or  un¬ 
drawn  polymers,  this  fraction  is  considerably  smaller.  The 
molecular  mechanism  of  deformation  and  fracture  of  oriented 
fibers  was  further  explored  in  studies  of  chain  rupture  during 
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tensile  deformation  of  nylon  6  fibers  prepared  for  use  as  high 
strength  cords  in  tires  (number- aver age  m.  wt,  30,000;  filament 
diameter  0.027;  yarn  composed  of  136  filaments  plied  together 
with  a  slight  twist,  (Park  et  al.,  1978).  In  this  work,  tensile 
stress-strain  data  and  free  radicals  formed  during  bond  rupture 
were  simultaneously  recorded.  Determinations  of  concurrent 
changes  in  molecular  weight  were,  however,  not  made. 

In  work  on  the  mechanisms  of  chemical  degradation,  the 
analysis  of  funotional  groups  by  chemical  and  by  instrumental 
methods  has  included  titration  of  end  groups  (COOH  and  NH2) , 
infrared  spectra  showing  changes  in  bands  for  functional  groups 
(e.g.  amide)  in  the  chain,  and  specialised  techniques  for  the 
deteation  of  intermediates  and  reaction  products  in  postulated 
degradation  reactions.  The  reader  is  referred  to  references 
cited  in  previous  sections  of  this  report  for  details  on  some 
of  these  techniques. 

2 .  Moisture  regain,  swelling  and  dye  diffusion.  The 
absorption  of  moisture  in  fibers  has  important  effects  on  fiber 
properties:  it  causes  swelling,  which  alters  th©  dimensions  of 
the  fibers,  and  this,  in  turn,  affects  the  size,  shape,  stiffness 
and  permeability  of  yarns.  Mechanical  and  frictional  properties 
are  changed;  cycles  of  wetting  and  drying  may  lead  to  permanent  set 
and  the  moisture  content  of  the  material  is  a  major  factor  in 
determining  its  electrical  properties.  In  an  application  such  as 
rope,  where  exposure  to  high  humidities  and  wet  environments  is 
certain,  moisture  response  is  thus  of  critical  importance.  The 
mechanisms  of  moisture  absorption  in  fibers,  and  the  theories 
associated  with  them  will  not  be  discussed  here,  but  some 
broad  generalizations  concerning  the  principal  variables  that 
affect  equilibrium  absorption  (moisture  regain/moisture  content) , 
rate  of  absorption,  and  swelling  in  fibers  exposed  to  high 
relative  humidity  and  to  water  are  summarized  below. 

The  presence  of  hydrophilic  groups  in  the  polymer  molecule, 
and,  for  a  given  polymer,  the  ratio  of  crystalline  to  non¬ 
crystalline  material  and  intermolecular  bonding  are  primary 
factors  in  determining  moisture  sorption  (Morton  and  Hearle, 

1975,  pp.  229-238).  Water  molecules  cannot  easily  penetrate 


regions  in  which  polymer  molecules  are  closely  packed,  with 
crystallites  and  hydrogen  bonds  providing  strong  j ntermolecular 
forces .  The  regions  of  the  fiber  accessible  to  water  are 
limited  to  disordered  or  non-cry stal line  regions,  and  surfaces 
of  crystallites.  It  follows  that,  for  a  specific  fiber,  the 
moisture  regain  at  a  given  relative  humidity  is  proportional  to 
the  amount  of  accessible  (effectively  non-crystalline)  material 
present,  and  measurements  of  moisture  regain  (as  well  as  density 
measurements)  provide  a  method  for  estimating  the  ratio  of 
crystalline  to  non-crystalline  material,  and  for  monitoring 
structural  changes  that  may  occur  as  a  result  of  extensive 
chemical  degradation  in  some  environments.  The  swelling  behavior 
of  fibers  is  also  of  great  significance.  Variation  of  swelling 
with  relative  humidity  generally  follows  the  change  of  moisture 
regain  (Morton  and  Hearle,  1975,  pp.  223-228) .  For  swelling  of 
fibers  in  water,  values  reported  in  the  literature  have  varied 
somewhat,  depending  on  the  experimental  conditions,  but,  as  in 
the  case  of  regain,  the  degree  of  swelling  in  water  is  determined 
primarily  by  the  presence  of  hydrophilic  groups  in  the  polymer, 
and  by  the  structural  features  of  the  fiber.  Changes  in  swelling 
behavior,  in  conjunction  with  moisture  regain  and  density  thus 
reflect  structural  changes  in  fibers  exposed  to  degradative 
environments. 

Indications  of  structural  change  may  also  be  derived  from 
measurements  of  dye  diffusion  behavior  in  fibers.  The  relation¬ 
ship  between  dye  diffusion  behavior  and  time-dependent  mechanical 
properties  (creep  and  suress-relexation)  which  are  controlled 
by  the  mobility  of  polymer  chain  segments  has  been  studied  in 
depth  for  commercial  multifilament  yarns  made  from  nylon  6.6 
and  nylon  6  (Bell,  1968). 

A  pragmatic  investigation  of  the  effect  of  draw  ratio  on 
moisture  sorption,  density,  dyeability  and  stress-strain 
behavior  in  nylon  6  monof iiaments  drawn  in  the  laboratory  at 
draw  k,atios  of  1.0  to  4,21  has  also  been  reported  (Varma  and 
Cameotra,  1973) , 

The  value  and  the  interpretation  of  results  obtained  in 
dye  diffusion  experiments,  in  concert  with  other  techniques, 


for  the  assessment  of  changes  in  fiber  morphology  upon  exposure 
to  o  degradative  environment,  are  perhaps  best  illustrated  by  a 
study  of  the  effects  of  near-ultraviolet  radiation  on  nylon  66 
(Stowe  et  al.,  1973).  As  mentioned,  it  was'  established  in  this 
work  that  anionic  dyeing  in  nylon  is  sensitive  to  small  changes 
in  fiber  structure,  and  can  detect  effects  at  low  exposure  time 
and  low  levels  of  degradation. 

More  recently,  structural  changes  occurring  within  the 
microstructure  of  nylon  6  during  drawing  have  been  investigated 
by  dye  diffusion  experiments  (Sweet  and  Bell,  1976).  Correla¬ 
tions  of  dye  diffusion  constants,  loss  modulus,  and  birefringence 
with  draw-ratio  effects  were  examined  and  discussed  in  the  con¬ 
text  of  the  roles  of  orientation,  and  "available"  molecular 
mobility  of  the  polymer  chains  at  various  stages  of  the  drawing 
process. 


SUMMARY /COITCLU S IONS  AND  RECOMMENDATIONS 

Published  papers  on  environmental  degradation  of  fibers  and 
films  which  have  been  reviewed  and  discussed  in  this  report  pro¬ 
vide  some  valuable  knowledge  to  guide  the  study  of  wear  caused 
by  environmental  exposure  of  synthetic  fiber  in  use.  However, 
cautipn  must  be  exercized  in  applying  specific  concepts  based  on 
literature  data  to  the  problem  at  hand,  and  some  of  the  state¬ 
ments  which  follow  are  submitted  in  a  tentative  vein. 

1.  General  conclusions 

(1)  Variables  of  materials’  composition  which  deter¬ 
mine  the  rate  and  extent  of  chemical  degradation  in  a  specified 
environment  are  the  polymer  (nylon  6.6,  nylon  6,  or  polyethylene 
terephthalate ) ,  fiber  additives  (e.g.  delustrants,  UV  inhibitors, 
antioxidants),  and  added  components  in  the  yarn  (e.g.  dyes, 
lubricants) . 

(2)  The  fiber  sti  ucture  (orientation  and  crystallinity) 
plays  a  major  role  in  the  interaction  of  environmental  variables 
with  the  polymer  substrate,  and  in  the  magnitude  of  degradative 
effects. 

(3)  Dimensions  and  geometry  of  the  rope  structure  are 
important  factors  in  that  they  determine  the  level  of  exposure 
of  fibers  in  specific  locations  within  the  rope.  Chemical 


degradation  of  rope  at  any  given  time  is  thus  inherently  non- 
uniform,  and,  as  a  first  approximation,  more  extensive  in  fibers 
located  near  the  circumference  (surface)  of  the  rope  structure. 

(4)  With  reference  to  exposure  of  rope  in  use,  the 
environmental  factors  which  cause  chemical  degradation  under  some 
conditions  are  primarily  untraviolet  radiation,  elevated  tempera¬ 
ture,  oxygen,  high  humidity  and  water,  and  solutions  of  inorganic 
salts. 

(5)  Changes  in  chemical,  physical  and  mechanical 
properties  of  fibers,  yarns,  and  ropes  under  any  exposure  con¬ 
ditions  may  reflect  effects  of  these  factors  operating  individ¬ 
ually,  interactively,  or  sequentially. 

(6)  Changes  resulting  from  chemical  degradation  occur 
in  fibers  and  fiber  assemblies  on  a  molecular  level,  on  the 
level  of  supramolecular  structure  and  on  a  macroscopic  level. 

(7)  Even  for  a  specific  material,  characterized  as 
to  chemical  structure,  microstructure,  composition  and  geometry, 
and  for  controlled  conditions  of  exposure,  simple  relationships 
between  specific  causative  factors  and  their  effects  on  prop¬ 
erties  cannot  be  defined  with  precision.  Thus,  laboratory 
experiments  have  limited  significance  as  simulations  of  realistic 
exposures  in  use. 

(8)  Change  in  any  one  chemical,  physical,  or  mechanical 
property  of  fiber  or  yarn  exposed  to  a  specified  degradative 
environment  is  not  a  sufficient  criterion  for  the  assessment  of 
environmental  degradation,  nor  for  the  prediction  of  effect  on 
the  performance  of  rope. 

(9)  Since  exposure  conditions  in  use  cannot  be  altered 
or  controlled,  the  value  of  this  discussion  and  of  recommenda¬ 
tions  based  on  it  resides  in  (a)  defining  some  criteria  for 
detecting  ongoing  chemical  degradative  processes  in  rope  during 
use,  and  (b)  formulating  research  approaches  for  modifications 

of  fibers  and  ropes  which  may  retard  chemical  degradation  during 
use. 

2.  Specific  conclusions 

(1)  In  the  photochemical  degradation  of  polymers,  the 
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wavelength  of  ultraviolet  radiation  is  an  important  consideration. 
Many  laboratory  studies  on  nylons  (6  and  6.6)  and  on  polyester 
(PET)  have  employed  broad-band  wave  sources  which  include  visible 
and  far  UV,  as  well  as  the  near-UV  light  which  is  found  in  sun¬ 
light  at  the  earth's  surface. 

(2)  The  photodegradation  of  polyamides  and  of  poly¬ 
esters  may  occur  by  a  photolytic  process,  which  results  in  both 
chain  scission  and  crosslinking,  or,  in  the  presence  of  oxygen, 
it  may  occur  by  photosensitized  oxidation  processes  in  which 
chain  scission  predominates. 

(3)  Chain  scission  occurring  as  a  result  of  photo¬ 
degradation  is  reflected  in  decreased  average  molecular  weight, 
and  changes  in  the  concentration  of  end  groups.  In  the  case  of 
fibers,  microstructural  changes  and  changes  in  tensile  strength, 
and  elongation  also  result  from  UV  exposure. 

(4)  In  the  presence  of  oxygen,  titanium  dioxide 
(delustrant)  accelerates  photodegradation  of  nylon  fibers  at 
some  wavelengths  (above  300  nm) . 

(5)  Photochemical  degradation  can  be  retarded  or 
inhibited  by  fiber  additives  which  operate  by  one  of  several 
mechanisms.  The  identity  of  compounds  used  as  UV  stabilizers  or 
as  antioxidants  in  commercial  fibers  is  not  necessarily  dis¬ 
closed. 

(6)  Exposure  of  nylons  to’  oxidative  and  thermo-oxida¬ 
tive  environments  has  significant  effects  on  properties  and  can 
be  monitored  by  changes  in  average  molecular  weight  and  in  fiber 
morphology. 

(7)  The  changes  that  occur  in  fibers  as  a  result  of 
exposure  to  water  vapor,  by  immersion  in  water,  or  by  prolonged 
contact  with  salt  solutions  may  accelerate  degradative  effects 
of  other  factors  significantly. 

(8)  In  environments  in  which  moisture  sorption  and 
photo-oxidative  processes  play  a  significant  role,  nylon  fibers 
are  more  vulnerable  to  chemical  degradation  than  polyester 
fibers. 

3.  Recommendations 

(1)  For  detection  and  characterization  of  the  extent 
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and  location  of  chemical  degradation  in  used  rope,  determinations 
of  molecular  weight  in  fiber  samples  taken  from  carefully 
selected  locations  in  the  rope  can  provide  valuable  data.  Com¬ 
parative  values  for  fibers  taken  from  surfaces  and  from  inner 
cores  along  the  length  of  used  rope  "as  received"  should,  in 
principle,  be  considered  with  values  for  fibers  taken  from  new 
rope,  and/or  from  new  rope  exposed  to  extreme  conditions  in  the 
laboratory.  However,  the  appropriate  "new  rope"  samples  may  not 
be  available,  and  the  selection  of  "extreme  conditions"  realis¬ 
tically  simulating  exposure  in  long-term  use  is  essentially 
impossible.  Therefore,  changes  in  molecular  weight  can  be 
interpreted  at  this  time  only  as  evidence  of  chemical  degradation 
occurring  in  some  parts  of  the  rope  as  a  result  of  combined 
effects  of  environmental  and  mechanical  factors. 

(2)  Molecular  weight  data  on  fibers  taken  from 
specific  locations  in  used  rope  should  be  examined  in  conjunction 
with  Scanning  Electron  Micrographs  and  measurements  of  mechanical 
properties  on  fibers  in  close  proximity— in  order  to  determine 
correlations  that  may  exist  between  chemical  changes,  surface 
asperities,  and  strength  for  fibers  in  a  given  locus. 

(3)  Measurements  of  swelling  in  water  and  of  dye 
diffusion  should  be  made  on  fibers  identified  as  having  undergone 
chain  scission,  and  on  appropriate  controls,  for  the  purpose  of 
characterizing  microstructural  changes  associated  with  chemical 
degradation. 

(4)  For  the  formulation  of  approaches  to  improve 
resistance  to  chemical  degradation  in  rope,  it  is  essential  to 
define  the  chemical  composition  of  the  material  of  interest 
(fiber  and  additives)  and  their  processing  history.  The  possi¬ 
bility  of  incorporating  improved  UV  stabilizers  and/or  anti¬ 
oxidants  in  the  fiber  manufacturing  process  is  primarily  the 
task  of  the  fiber  producers,  it  is  probable,  however,  that  an 
in-depth  study  of  the  literature  on  compounds  and  mechanisms  for 
retarding  photochemical,  thermal  and  oxidative  degradation  in 
the  fibers  used  would  suggest  novel  and  potentially  effective 
approaches  to  the  application  of  protective  agents  to  rope  (e.g. 
by  spraying) ,  penetrating  the  outer  layers  of  the  structure 
which,  in  use,  are  more  accessible  to  UV  radiation,  water, 


**'-*^1 u"  * a*.  J  ,  a?  ,  a".  _  I  ft* ..  a 


.  .C-m—  t  .  a  ._ -  i 


2.58 


oxygen,  and  contaminants. 

(5)  The  application  of  coatings  designed  to  provide 
barriers  to  the  degradative  environments  may  be  effective, 
providing  that  the  coatings  can  afford  the  desired  protection 
without  impairing  the  frictional  and  performance  properties  of 
the  rope.  The  reported  use  of  polyurethane  coatings  (McKenna, 
1980)  to  improve  the  abrasion  resistance  of  rope  suggests  that 
the  processing  technology  is  feasible.  The  development  of 
viable  and  effective  coating  compositions  and  processes  is  a 
valid  objective. 

Great  improvements  in  the  performance  and  durability  of 
synthetic  fiber  rope  have  been  realized  through  research  on  rope 
materials  (fibers)  and  design  (size  and  construction) 

(W.  Paul  et  al.,  1980).  It  is  suggested  that  additional 
strides  may  be  made  by  new  systematic  studies  of  chemical 
degradation  processes,  and  of  ohemical  approaches  to  the  pro** 
taction  of  ropes  in  use. 
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3.  PATHOLOGICAL  STUDY  OF  WORN  ROPES 


INTRODUCTION 

A  critical  examination  has  been  conducted  on  worn  syn¬ 
thetic  fiber  ropes  selected  by  Navy  and  Coast  Guard  representa¬ 
tives.  Samples  studied  to  date  include  two  basic  rope  struc¬ 
tures:  3-strand  twisted  and  double  braided,  as  well  as  three 
polymer  fibers:  nylon  6,  nylon  66  and  polyester.  Specimens  of 
new  ropes  have  also  been  obtained  to  permit  identification  of 
base  levels  of  fiber  properties  and  geometries.  The  identifica¬ 
tion  of  the  lines  received  is  provided  in  Table  3.1a  and  3.1b. 

These  ropes  have  been  studied  as  to  their  structural  com¬ 
position  and  geometry.  Tests  and  analyses  conducted  thus  far 
include  stress-strain  measurements  of  fibers  and  yarnB  identified 
as  to  structural  location  within  each  rope,  as  well  as  observa¬ 
tion  both  by  optical  microscopy  and  by  scanning  electron  micros¬ 
copy  of  fibers  and  yarns  as  extracted  from  the  rope.  In 
addition,  fractography  studies  have  been  made  of  selected 
fibers  after  completion  of  stress-strain  measurements. 

Gel  permeation  chromatography  has  been  employed  to  deter¬ 
mine  relative  differences  in  molecular  weight  distributions 
between  exposed  surface  filaments  and  essentially  protected 
filaments  in  the  strand  core.  Differential  scanning  calorimetry 
has  been  undertaken  to  detect  changes  in  fine  structure  which 
may  occur  between  exposed  vs.  protected  fibers.  Filament 
shrinkage  (dry  vs.  wet)  has  also  been  measured  as  an  indication 
of  fine  structural  changes  which  may  have  occurred  during  rope 
usage. 

STRUCTURAL  COMPOSITION  OF  USED  ROPES 

Each  of  the  ropes  identified  in  Tables  3.1a  and  3.1b  has 
been  analyzed  as  to  its  structural  composition.  ResultB  of 
these  Btudies  are  provided  in  Tables  3.2a  through  3. 2d  and  show 
the  number  of  "textile  singles"  yarns  (as  furnished  by  the  fiber 
producer)  and  twisted  together  in  a  "rope"  yarn,  the  number  of 
rope  yarns  which  constitute  the  basic  plied  yarn,  and  the  number 
of  said  plied  yarns  in  a  single  twisted  strand.  Local  twists 
and  approximate  diameters  are  also  furnished  for  each  struc¬ 
tural  level.  Fibers  numbers  and  denier  are  included  as  well. 

Sinca  much  of  the  mechanical  and  chemical  testing  dis¬ 
cussed  in  the  following  sections  differentiates  among  samples 
taken  from  various  locations  of  the  twisted  strand,  it  is  im¬ 
portant  to  specify  the  distribution  of  plied  yarns  in  various 
layers  of  each  strand  considered.  These  observations  are 
reported  in  Table.  3.3  for  each  of  the  3-strand  ropes  listed  in 
Tab!  '*s  3.1  and  3.2,  Specimens  #3  and  #5  are  double  braided 
ropes,  hence  do  not  appear  in  this  table. 

As  can  be  seen  in  Tables  3.2a  through  3. 2d,  most  of  the 
3-strand  twisted  ropes  have  similar  structural  arrangements. 
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in  particular,  the  (approximately)  9-inch  circumference  ropes. 

Yet,  there  are  differences  worth  noting.  The  base  yarn  fur¬ 
nished  by  the  fiber  producer  is  either  an  840/140  (denier/fila¬ 
ments)  or  a  1260/210  (denier/filaments)  with  6  deniers  per 
filament.  The  first  twisting  of  the  "textile"  yarn  to  form  the 
"rope"  yarn  incorporates  from  12  to  18  textile  singles  yarns,  and 
in  a  few  cases,  even  as  many  as  24  singles.  The  plied  yarn  is 
always  composed  of  3  rope  yarns,  however,  because  of  the  indi¬ 
cated  differences  in  rope  yarn  deniers,  the  plied  yarns  may 
differ  significantly  in  denier.  Most  of  the  9-inch  ropes  have 
plied  yarns  of  about  45,000  denier,  but  ropes  #8  and  #4  have  a 
plied  yarn  denier  of  about  90,000;  rope  #4  is  unique  in  having 
some  rope  yarns  at  20,000  denier,  others  at  30,000  to  be  sub¬ 
sequently  3-plied.  And,  clearly,  the  denier  (size)  of  the  plied 
yarns  used  in  the  9-inch  rope  dictates  the  number  of  plied  yarns 
used  to  form  the  final  strand,  about  125  in  most  cases,  but,  as 
expected,  fewer  in  the  case  of  #8  and  #4.  Again,  rope  #4  is 
unique,  showing  the  use  of  smaller  rope  yarns  (20,000  denier) 
in  the  core  section  of  its  strands  and  of  larger  plied  yarns 
(*90,000  denier)  in  the  peripheral  locations  of  each  strand. 

The  double  braided  constructions  listed  in  the  Tables  3.2b 
and  3.2c  (ropes  #3  and  #5)  are  approximately  of  the  same  size, 
yet  they  differ  significantly  in  structural  composition,  employing 
different  base  textile  yarns,  different  structural  arrangements 
in  the  first  twisting  and  in  subsequent  plying,  different  plied 
yarn  structure  in  braid  core  vs.  cover  and  different  braid  con¬ 
structions.  Since  these  two  worn  braided  structures  have  been 
analyzed,  other  worn  double  braids  have  been  received,  but  tests 
on  the  latter  have  been  limited  thus  far. 

The  discussions  which  follow  concerning  fiber  properties  in 
the  3-strand  twisted  ropes  require  identification  of  specific 
locations  within  the  rope.  Tables  3.2  and  3,3  provide  only 
partial  location  designations,  i.e.  indicating  radial  position 
of  a  given  pliad  yarn  within  the  basic  rope  strand.  It  remains 
to  furnish  additional  designation  of  plied  yarn  location  rela¬ 
tive  to  the  total  rope  structure,  as  can  be  seen  in  Fig,  3.1. 

Here,  6  idealized  successive  sections  of  the  rope  are  provided, 
showing  clockwise  rotary  motions  of  each  strand  about  the  rope 
axis  accompanied  by  counterclockwise  motion  of  the  given  3-plied 
yarn  about  the  given  strand  axis,  marked  with  an  "X".  Only  6 
sections  are  shown  out  of  the  12  (or  13)  required  for  a  complete 
turn  of  twist  of  strand  "X"  about  the  rope  axis,  but  during  this 
interval,  the  designated  3-plied  yarn  lying  on  the  strand  surface 
is  seen,  at  the  outset,  in  the  outer  rope  position  (to  be  later 
designated  as  the  "soft"  position,  then,  in  the  succeeding 
sections,  it  moves  to  the  rope  center  (or  "hard"  position),  and, 
finally  in  6  sections,  back  to  the  rope  surface.  Clearly  in  this 
idealized  rope,  the  plied  yarn  radial  motion  relative  to  the 
rope  structure  takes  place  at  a  frequency  twice  that  of  the 
strand  around  the  base  rope. 

It  is  recognized  that  actual  strand  sections  in  a  real 
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3-strand  twisted  rope  will  not  appear  circular,  but  rather  ellip¬ 
tical  because  of  strand  obliquity,  as  well  as  laterally  com¬ 
pressed  because  of  interstrand  pressures.  Further,  the  key 
subcomponents  of  each  strand,  namely  the  plied  yarns,  do  not 
maintain  trilobal  cross  sections  (as  shown  for  the  plied  yarn  in 
Fig.  3.1).  Rather,  they  assume  varied  shapes  depending  on  the 
strand  layer  in  which  they  reside.  The  cross  sectional  varia¬ 
tions  found  in  the  plied  yarns  of  rope  #2  are  shown  in  Fig.  3,2. 
Particular  note  should  be  made  of  the  numerous  acute  angles 
appearing  around  the  periphery  of  the  cross  sections  shown,  for 
in  the  actual  plied  yarn  these  regions  can  behave  as  relatively 
sharp  ridges  over  which  the  "rope  yarn"  (lying  in  the  plied 
yarn)  must  bend.  More  will  be  said  of  this  phenomenon  of  lateral 
distortions  due  to  local  pressures. 

TENSILE  PROPERTIES  OF  FIBERS  AND  YARNS 

An  extensive  study  has  been  conducted  of  the  distribution 
of  fiber  and  yarn  tensile  properties  in  worn  ropes.  The  purpose 
of  the  exercise  was  first,  to  provide  empirical  data  on  local 
rope  deterioration  during  marine  usage,  and  second,  to  furnish 
the  basis  for  formulating  a  realistic  model  of  ropes  in  service 
to  be  used  in  subsequent  applied  mechanics  studies. 

It  is  fully  expected  that  deterioration  of  fibers  and  yarns 
in  worn  ropes  will  be  highest  at  the  outer  surface  of  the  rope 
which  is  subjected  to  maximum  wear  and  abrasion,  as  well  as  to 
maximum  photochemical  exposure.  Yarns  located  in  central  por¬ 
tions  should,  accordingly,  manifest  less  deterioration  from  any 
of  these  causes.  At  the  same  time,  any  given  yarn  which,  during 
twisting  around  the  strand,  migrates  from  outer  to  inner  zones 
of  the  rope,  as  indicated  in  Fig,  3,1,  can  be  expected  to  vary 
in  the  extent  of  local  deterioration  along  its  length. 

Techniques  for  measurement  of  stress-strain  behavior  of 
fibers  and  yarns  are  well  established  in  the  textile  testing 
art  for  new  and  relatively  uniform  materials.  However,  in 
dealing  with  worn  and  highly  variable  materials,  one  encounters 
numerous  difficulties  in  conducting  valid  tests.  These  include 
undesirable  stress  concentrations  at  the  clamping  jaw,  or  at  the 
fiber-test  tab  interface,  which  lead  to  artificially  low  tensile 
strength  values.  On  the  other  hand,  if  stress  concentrations 
are  minimized  by  means  of  a  frictional  letdown  of  tensile  forces 
along  the  fiber  (e.g.  in  the  case  of  a  capstan  jaw)  or  by  a  mild 
shear  force  letdown  of  fiber  tension  by  means  of  embedment  in  a 
Soft  elastomeric  matrix,  then  the  resulting  fiber  extension 
within  the  jaw  will  tend  to  vitiate  the  reading  of  fiber 
extension  between  the  jaws. 

During  the  testing  of  new  uniform  filament  specimens,  the 
stress  concentration  in  the  clamping  jaw  can  be  eased  by  use 
of  elastomeric  linings  and  the  specimen  can  be  lengthened  to 
the  point  where  filament  elongation  within  the  jaw  is  negligible 
compared  to  that  of  the  free  specimen  within  the  jaws.  And 
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in  the  testing  of  heavier  yarns  on  capstan  clamping  devices, 
the  specimen  length  can  likewise  be  increased  so  as  to  reduce 
the  relative  contribution  of  yarn  elongation  in  the  capstan. 

Or,  it  is  possible  to  test  load-elongation  behavior  of  yarns 
with  different  gauge  lengths.  The  data  can  then  be  cross 
plotted  as  elongation  vs.  gauge  length  at  various  loads  to  permit 
extrapolation  to  zero  gauge  length  and  the  resultant  extrapolated 
elongations  provide  an  extensional  correction  factor  at  each 
load. 


In  the  case  at  hand,  there  was  a  need  to  utilize  quite 
short  gauge  lengths,  of  the  order  of  0,5  inches,  to  permit 
measurement  of  local  filament  strengths  across  a  particular 
cross  section  of  the  rope.  Likewise,  it  was  necessary  to  employ 
short  gauge  lengths  to  allow  for  continuous  sampling  of  a  fila¬ 
ment  along  an  extended  length,  equivalent  to  a  period  of  twist 
or  of  migration  within  the  strand  structure.  For  such  tests 
it  was  found  useful  to  prepare  two  test  tabs  (of  cardboard) 
for  each  filament  specimen  and  to  lay  them  flat,  separated  at 
their  inner  edges  by  0.5  inches.  The  filament  was  laid  across 
the  tabs  and  taped  thereto  along  its  inner  portion.  A  drop  of 
epoxy  glue  was  placed  at  the  end  of  the  filament  at  the  outer 
edge  of  the  tab,  and  after  setting,  the  tab  was  then  gripped 
in  the  Instron  jaw.  This  procedure  was  employed  successfully, 
with  80%  of  test  breaks  occurring  in  the  0.5-inch  span  between 
the  tabs.  However,  filament  extension  under  the  tape  was  ob¬ 
served,  hence  valid  measurement  of  filament  strain  was  precluded. 

Short  Span  Tensile  Tests  Across  Strand  Section 

The  0.5-inch  test  span  was  employed  for  various  worn  ropes 
in  measurements  of  local  filament  breaking  strength  in  the 
plied  yarn  from  the  surface  layer  of  the  strand,  when  that 
plied  yarn,  in  one  instance,  was  in  outer  region  of  the  rope. and 
in  the  other  instance,  in  the  inner  region  of  the  rope.  Tests 
were  also  conducted  on  filaments  from  plied  yarns  in  the  first 
subsurface  layer  of  the  strand,  at  two  locations  outside  the 
rope  and  inside  the  rope. 

These  outer  and  inner  regions  are  designated  as  the  "soft 
zone"  and  the  "hard  zone",  respectively,  due  to  the  fact  that 
the  surface  layer  of  the  strand  located  in  the  central  region 
of  the  rope  is  often  compressed  and  "welded"  to  such  an  extent 
that  the  plied  yarn  feels  hard  to  the  touch,  with  low  lateral 
compressibility  and  high  bending  rigidity.  In  contrast,  the 
same  plied  yarn,  when  it  twists  into  the  outer  zone  of  the  rope, 
is  soft  and  flexible. 

A  geometric  representation  of  a  3-strand  rope  is  provided 
in  Fig,  3.3  and  shows  the  location  of  the  plied  yarn  in  the 
surface  layer  of  the  strand  in  the  outer  (soft)  region  of  the 
rope.  The  inclination  angle  between  the  plied  yarn  axis  and 
the  rope  axis  is  minimum  in  this  zone.  The  same  plied  yarn, 
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when  it  twists  around  to  the  center  of  the  rope  (as  shown  to 
the  left  in  dotted  lines)  is  designated  as  "hard”  and  is  seen  to 
possess  a  maximum  inclination  angle  to  the  rope  axis. 

On  the  right  aide  of  Pig.  3.3,  the  diagram  indicates  re¬ 
moval  of  the  top  strand,  exposing  the  upper  (outer)  surface  of 
bottom  strands.  One  portion  of  this  exposed  surface  is  desig¬ 
nated  as  the  "usually"  clean  inside  of  the  rope,  relatively 
yellow  or  cream  colored.  Adjacent  to  it  is  somewhat  grayish 
surface,  with  considerable  fuzz,  presumably  representing  fric¬ 
tional  damage.  Cither  of  these  two  exposed  zones  is  termed  a 
"hard"  spot  in  the  classification  of  data  which  follows. 

In  Table  3.4  there  are  listed  the  tensile  strength  values 
for  filaments  removed  from  the  surface  plied  yarns  (in  both  soft 
and  hard  spots),  from  the  first  sublayer  plied  yarns,  and  from 
core  plied  yarns.  Each  value  of  tensile  strength  cited  repre¬ 
sents  the  average  of  10  tests  on  filaments  taken  from  that  loca¬ 
tion  in  a  given  cross  section.  The  ratios  of  tensile  strength 
"A"  and  "B"  were  determined  for  the  same  filament  as  it  moved 
from  hard  to  soft  zones.  The  average  of  ten  such  ratios  deter¬ 
mined  for  10  surface  yarn  filaments  is  shown  in  Ratio  "B"  in 
Table  3.4  and  for  the  10  first  aubsurfaae  yarns,  as  Ratio  "A". 
(It  is  seen  that  the  average  of  such  ratios  does  not  equal  the 
ratio  of  the  averages . ) 

Clearly,  the  comparison  of  strength  losses  from  rope  to 
rope  varying  in  age  and  in  usage  as  shown  in  Table  3.1  would 
benefit  from  the  availability  of  rope  filaments  of  the  same 
age,  though  unused*  But,  in  the  absence  of  such  controls,  it 
was  deemed  advisable  to  substitute  the  core  yarns  of  each  rope 
as  the  standard  for  comparisons.  Thus,  the  tensile  data  of 
Table  3.4  were  normalized  relative  to  the  core  yarns  and  are 
presented  in  Table  3.3  and  plotted  in  Pig.  3,4,  Here,  we  see, 
as  expected,  a  significant  reduction  in  filament  strength  in  the 
surface  layers  of  the  strand  when  passing  through  the  "soft" 
outer  rope  zones.  It  must  be  noted  that  the  filaments  selected 
from  the  outermost  portions  of  the  strand  were  often  so  weakened 
as  to  preclude  removal  of  a  suitable  test  specimen,  or  they 
were  already  ruptured.  It  follows  that  the  filament  population 
tested  was  in  effect  filtered  to  exclude  very  weak  or  even 
zero  strength  specimens.  Thus  it  may  be  expected  that  yarn 
teats,  rather  than  fiber  tests  would  show  even  greater  reduc¬ 
tions  in  strong  h  in  the  surface  plied  yarns  in  the  exposed 
"soft"  zone  than  is  shown  in  Fig.  3.4.  It  is  further  noted 
that  the  standard  deviation  tensile  data  are  highest  for  the 
surface  "soft"  yarns. 

These  test  data  are  in  keeping  with  expectations,  but  the 
behavior  of  the  tensile  data  for  the  strand  surface  yarns  in 
the  "hard"  zone  at  the  rope  center  was  not.  It  is  seen  that 
some  of  the  rope  specimens  show  no  significant  differences 
between  core  fiber  strengths  and  the  strength  of  .surface  yarn 


fibers  taken  from  the  "hard,  protected"  zone,  but  several  ropes 
manifest  a  10%  to  30%  strength  loss  in  the  outer  plied  yarn 
layer  in  the  central  hard  zone.  This  strength  loss  is  attributed 
to  internal  abrasion  during  cyclic  tensioning  and  rope  bending 
and  the  presence  of  such  abrasion  is  verified  in  discussions 
on  microscopy  studies  to  follow. 

Short  Span  Tensile  Tests  Along  Strand  Length 

Another  series  of  short  span  (0.5-inch)  tests  was  conducted 
on  three  of  the  ropes  studied  in  this  program.  In  this  phase, 
successive  2-inch  lengths  were  selected  from  five  single  fila¬ 
ments  in  a  given  plied  yarn  and  were  tensioned  as  indicated 
above,  with  a  0.5-inch  span.  The  breaking  strength  values  at 
each  lengthwise  location  were  then  averaged  and  plotted  as 
shown  in  Figs.  3.5,  3.6  and  3.7  for  rope  specimens  #2,  #4 
and  #9.  The  former  two  ropes  are  approximately  9  inches  in 
diameter,  while  #9  is  about  6  inches. 

The  data  of  these  figures  show  a  consistent  reduction  in 
filament  strength  from  the  core  position  to  the  layers  of  the 
outer  strand.  In  rope  #2  the  strength  of  the  surface  fibers 
tested  lies  a  full  20  gf  below  the  core  fiber  strength,  while 
the  fibers  from  the  first  sublayer  fall  about  5  gf  below  the 
core  fibers.  (The  numerous  damage  areas  in  the  surface  yarns 
made  the  successive  location  testing  of  their  fibers  impracti¬ 
cal  and  so  the  figures  contain  the  surface  fiber  averages  without 
reference  to  location  along  the  yarn.)  In  rope  #4,  the  surface 
yarn  fibers  manifest  approximately  a  50%  drop  in  strength  from 
the  core  fiber  values,  while  the  first  and  second  sublayer 
fibers  show  a  loss  of  5  to  10  (gf ) ,  depending  on  location. 

The  extent  of  variation  of  strength  along  the  core  fibers 
was  unexpected,  although  it  may  be  accounted  for  through 
occasional  radial  migration.  The  persistent  rise  and  fall  of 
strength  of  the  first  and  second  sublayers  of  rope  #4,  cycling 
every  4  inches,  corresponds  to  the  4 -inch  period  during  which 
each  plied  yarn  twists  from  the  protected  side  of  the  strand  to 
its  exposed  side.  And,  obviously,  there  is  a  region  of  heavier 
damage  observed  in  the  first  sublayer  between  the  8-  and  12-inch 
location . 

The  data  for  rope  #2  (Fig.  3.5)  shows  an  unusually  parallel 
strength  variation  for  the  core  and  the  first  sublayer  fibers, 
but  there  is  no  explanation  for  this  observation.  Finally,  the 
data  for  rope  #9  suggest  that  periodic  damage  was  incurred  in 
the  first,  sublayer,  but  did  not  penetrate  to  the  second  sub¬ 
layer  which  evidenced  a  very  uniform  fiber  strength. 

Long  Span  Tensile  Testa 

The  possible  contribution  of  local  damage  to  periodic 
weakening  of  the  fibers  in  the  surface  layer  and  in  successive 
layers  below  the  surface  was  the  subject  of  another  phase  of 
the  pathological  study.  In  this  case,  the  test  span  of 
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individual  filaments  was  increased  to  8  inches,  corresponding 
to  the  period  of  rotation  of  the  strand  in  the  rope,  measured 
along  the  strand  axis.  This  also  corresponded  to  the  8-inch 
period  for  rotation  of  a  surface  plied  yarn  around  the  strand, 
measured  along  the  plied  yam  axis.  In  this  study  phase  ten¬ 
sile  strength  was  again  measured  for  each  filament,  but,  in 
addition,  note  was  taken  of  the  location  of  the  filament  break 
within  the  span.  A  few  teBt  spans  were  taken  at  12  inches. 

The  data  for  such  tests  conducted  on  all  ten  of  the  worn 
ropes  available  are  reported  in  Figs.  3.8  to  3.17.  In  these 
figures  each  point  plotted  is  for  a  single  break  at  a  single 
location— in  that  averaging  of  lengthwise  locations  would  be 
meaningless.  However,  strength  averages  are  calculated  for 
each  plied  yarn  layer  tested  and  these  averages  are  plotted  in 
F.lg.  3.18.  It  is  noted  that  the  averages  plotted  in  Fig.  3.18 
are  generally  lower  than  those  plotted  in  Figs.  3.4  through 
3.7,  and  listed  in  Table  3.4.  This  reflects  the  effect  of  the 
8  to  12-inch  gauge  length  of  Fig.  3.18  based  on  the  tensile 
data  of  Figs.  3.8  through  3.17  vs.  the  0.5-inch  span  reported 
on  in  Figs.  3.4  through  3.17. 

The  data  of  Figs.  3.8  through  3.17  are  of  particular 
interest.  In  general,  the  core  fibers  of  the  3-strand  ropes 
manifest  fairly  constant  values  of  tensile  strength  and  fiber 
rupture  locations  are  spread  uniformly  along  the  8  to  12-inch 
span.  Tensile  values  tend  to  drop  somewhat  in  layers  closer  to 
the  surface  and  rupture  locations  are  no  longer  uniformly 
spread  along  the  8  to  12-inch  span.  At  the  surface,  and  in 
some  oases  at  the  first  subsurface  layer,  the  average  tensile 
value  decreases,  the  spread  of  breaking  strengths  increases 
markedly  and  the  location  markings  congregate,  indicating  either 
highly  concentrated  damage  (as  in  rope  #1E  in  Fig.  3.8,  or 
rope  #4  in  Fig.  3.11,  or  #7  in  Fig.  3.14)  or  periodic  damage 
(as  in  rope  #2,  Fig.  3.9,  or  rope  #9,  Fig.  3.16). 

The  use  of  the  bar  chart  format  provides  another  view  of 
the  distribution  of  weak  spot  locations  in  the  8  to  12-inch 
filament  test  span.  An  illustration  of  this  format  is  given 
in  Fig.  3.19  which  shows  the  percentage  of  breaks  occurring 
at  various  locations  along  a  test  span.  Figure  3.19a  contains 
the  graphing  of  the  core  filament  data,  3.19b  the  first  sub¬ 
surf  ace  data,  and  3.19c  the  surface  filament  results.  The 
periodic  grouping  is  negligible  in  the  core,  modest  in  the 
sublayer  and  striking  in  the  surface  layer. 

Test  data  for  the  short  span  tensile  strengths  did  not 
include  specimens  from  the  two  double  braided  lines  of  the 
worn  rope  series.  However,  the  long  span  tests  did  include 
rope  #3  (nylon)  and  rope  #5  (PET)  whose  background  and  con¬ 
struction  are  cited  in  Tables  3.1a,  3.2b  and  3.2c.  The 
tensile  strengths  of  filaments  selected  from  inner  and  outer 
yarns  of  the  braided  cores  and  the  braided  covers  for  ropes 
#3  and  #5  are  plotted  in  Figs.  3.10  and  3.12,  respectively. 
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Rupture  locations  are  also  indicated. 


It  is  seen  that  filaments  taken  from  the  inside  of  the 
core  plied  yarns  in  both  ropes  have  higher  strengths  than 
those  from  the  outside  of  the  core  plied  yarns  and  display  a 
more  uniform  spread  of  rupture  locations  (Fig.  3.12a  and  b) . 

The  distinct  rupture  location  groupings  for  the  outside  fila¬ 
ments  of  the  core  for  ropes  #3  and  #5  (Figs. 3. 10b  and  3.12b) 
reflect  the  likelihood  of  internal  abrasion  between  the  core 
outer  surface  and  the  cover  inner  surface. 

Similarly ,  the  outside  filaments  of  the  plied  yarns  used 
in  the  covers  of  ropes  #3  and  #5  show  reduced  strength  vs. 
the  inside  filaments.  The  outside  filaments  likewise  show 
pronounced  groupings  of  the  rupture  locations.  These  periodic 
rupture  groupings  reflect  the  presence  of  local  damage,  but 
it  is  not  possible  from  these  data  to  separate  that  ,/hich 
occurs  from  cover  to  core  abrasion  vs.  that  from  abrasion  of 
cover  to  external  objects  and  surfaces.  The  unexpectedly 
higher  level  of  filament  strength  in  the  cover  of  rope  #5  vs. 
its  core  is  attributable  to  its  higher  cover  filament  denier 
(8  dpf  in  cover  vs.  6  dpf  in  core,  as  seen  in  Table  3.2c). 

A  summary  table  of  long  span  tensile  tests  for  all  ten 
worn  ropes  is  provided  in  Table  3.6.  These  strength  values 
represent  the  averages  of  about  30  filaments  for  each  location 
as  plotted  in  Figs.  3.8-3.17.  It  should  be  noted  that  fila¬ 
ments  selected  from  plied  yarns  located  at  the  core  of  the 
3-strand  ropes  in  general  manifest  tensile  strengths  ranging 
from  50  gf  to  55  gf.  The  filament  strength  averages  fall  as 
their  location  is  closer  to  the  rope  surface,  with  some  loss 
of  strength  observable  in  the  first  sublayer  (or  plied  yarns) 
i  '  the  strand.  Significant  strength  loss  is  noted  in  all 
surface  filaments  accompanied  by  an  increase  in  filament 
variability,  as  expected. 

Rope  #8  which  was  manufactured  in  1979,  shows  a  higher 
filament  strength  in  the  core  (62.4  gf)  than  the  other  3-strand 
ropes  despite  the  fact  that  its  filament  denier  is  6  dpf,  as  in 
all  other  3-strand  ropes  except  for  rope  #10.  The  latter 
shows  a  core  filament  average  strength  of  102  gf  (the  highest 
observed  in  all  long  span  filament  tests),  but  this  can  be 
attributed  to  its  13  dpf  (see  Table  3.2a)  and  its  late  date  of 
manufacture  (1979). 

It  is  also  worth  noting  that  rope  #8  showed  the  least  .loss 
in  strength  of  its  surface  fibers  of  all  3-strand  ropes,  no 
doubt  due  to  its  younger  age  and  to  less  service — with  desig¬ 
nation  of  "good"  general  condition.  Ropes  #9  and  #10,  the 
only  6-inch  ropes  in  the  group,  manifested  maximum  strength 
drop  in  their  surface  filaments  vs.  core  filaments — in  the 
order  of  601  loss.  Rope  #10  was  designated  as  being  in  fair 
condition.  The  only  other  rope  so  designated  in  "fair" 
cbndition  was  #4,  a  9-inch  rope  which  lost  55%  filament 
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strength  in  its  surface  vs.  core  locations.  The  remainder  of 
the  9-inch  ropes  appeared  to  lose  less  surface  filament 
strength  than  #4,  although  the  differences  are  not  always 
statistically  significant. 

The  values  posted  for  the  double  braided  ropes  are  as 
expected ,  although  it  should  be  remembered  that  the  cover  yarn 
filaments  in  rope  #5  are  8  dpf  vs.  6  dpf  in  the  core.  This  is 
reflected  in  the  average  strength  values.  Finally ,  it  is  worth 
considering  the  fact  that  the  surface  filaments  exposed  on  the 
outside  of  the  braided  ropes,  in  general,  evidence  higher 
strength  than  those  on  the  outside  of  the  3-strand  ropes,  the 
hlghest~~strength  of  all  outside  filaments  occurring  in  double 
Sr aided  rope  # 5 .  The  limited  number  of  double  braided  ropes 
studied  precludes  generalisation  of  these  observations. 

A  final  experiment  corresponding  to  the  8-inch  span  fila¬ 
ment  tests  was  undertaken  on  one  rope,  #2,  as  follows.  The 
specimen  was  first  tested  under  standard  conditions,  as  before, 
but  upon  completion  of  each  break,  a  second  test  was  conducted 
on  the  larger  of  the  two  broken  filament  segments.  This 
procedure  was  undertaken  for  surface  layer  filaments  and  for 
core  filaments  of  rope  #2.  Results  of  these  tests  are  shown  in 
Fig.  3.20  where  the  value  of  the  second  break  is  plotted 
against  that  of  the  first  break,  with  the  dotted  line  showing 
the  case  of  equal  second  vs.  first  breaks. 

The  clustering  near  the  dotted  line  of  the  data  points 
for  the  aore  filaments  indicates  their  second  values  to  be 
close  to  the  first  values.  The  much  higher  second  values  for 
the  surface  filaments  shown  indicates  that  their  first  break 
was  indeed  the  weakest  point,  by  a  significant  magnitude. 

These  results  are  consistent  with  those  reported  in  Figs.  3.5, 
3.9  and  3.19,  but  give  added  insight  into  the  distribution  of 
wear  damage  in  the  fibers  of  worn  ropes. 

Summary  of  Tensile  Results 


The  purpose  of  these  studies  of  the  tensile  properties  of 
fibers  and  yarns  taken  from  worn  ropes  has  been  to  provide  em¬ 
pirical  data  on  local  rope  deterioration  during  marine  usage 
and  to  furnish  the  basis  for  formulating  a  realistic  model  of 
ropes  in  service  to  be  vised  in  subsequent  applied  mechanics 
studies.  Both  short  span  (0.5-in)  and  long  span  (8-in  to  12-in) 
tensile  tests  were  conducted. 

The  short  span  tests  were  used  to  probe  the  extent  and  dis¬ 
tribution  of  tensile  loss  over  the  cross  section  of  the  rope  at 
a  given  location  along  its  length.  Short  span  tests  were  again 
employed  to  determine  the  distribution  of  residual  filament 
strength  along  the  lengths  of  selected  yarns  in  a  full  twist 
period  in  the  rope  structure.  Such  tests  were  conducted  at 
various  locations  over  the  rope  cross  section.  Long  span  tests 
were  then  carried  out  to  identify  the  distribution  and  severity 
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of  weak  spots  along  8-in  to  12-in  yarn  lengths  extracted  from 
inner  and  outer  sections  of  the  rope.  And  in  one  case,  repeat 
tests  were  made  on  already  tested  filament  lengths  to  identify 
a  second  weak  spot. 

The  data  indicate  that  core  fibers  of  the  3-strand  ropes 
manifest  fairly  constant  values  of  tensile  strength  along  their 
length  and  fiber  rupture  locations  were  spread  uniformly  along 
the  8-in  to  12-in  lengths.  Tensile  rupture  locations  in  layers 
closer  to  the  strand  surface  are  no  longer  uniformly  spread 
along  the  filament  lengths.  At  the  surface,  and  in  some  cases 
at  the  first  sublayer  of  the  strand,  the  average  tensile  value 
decreases  significantly,  the  spread  of  breaking  strength  in¬ 
creases  markedly  and  the  failure  locations  tend  to  congregate. 

Such  groupings  can  reflect  either  highly  concentrated  damage 
due  to  local  external  wear,  or  periodic  damage  indicating  more 
uniform  external  deterioration  condition  interacting  with  the 
periodic  geometric  availability  of  the  yarns  at  the  rope  sur¬ 
face. 

In  double  braided  ropes,  filaments  taken  from  the  inside  of 
plied  yarns  of  the  rope  core  manifest  higher  strengths  than 
those  from  the  surface  layers  of  the  same  yarns.  The  inner  zone 
fibers  also  display  a  more  uniform  spread  of  rupture  locations. 
Distinct  rupture  location  groupings  for  the  outer  zone  filaments 
of  the  rope  core  yarns  reflect  the  likelihood  of  internal  rope 
abrasion  between  outer  surface  fibers  of  the  core  and  the  inner 
surface  of  the  cover  braid. 

Evidence  of  the  role  of  internal  rope  abrasion  is  also  seen 
in  the  data  from  short  span  tests  taken  over  the  cross  section 
of  some  3-strand  ropes.  In  particular,  filaments  extracted 
from  the  closely  packed  "hard"  spots  in  the  surface  and  sub¬ 
surface  strand  layers  (at  rope  center  locations)  show  strength 
reductions,  which  in  some  cases,  are  significant.  Microscopic 
examination  confirms  that  internal  abrasion  is  a  contribution 
to  these  reductions. 

The  goal  of  these  first  year  mechanical  pathological 
studies  has  been  reached  to  a  reasonable  extent  and  sufficient 
data  are  now  at  hand  to  enhance  further  studies  of  rope  mechanics. 
It  is  expected  that  some  limited  studies  of  filament  damage  dis¬ 
tribution  will  be  continued,  particularly  in  the  case  of  rope 
samples  for  which  more  precise  wear  and  exposure  histories  are 
available. 
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MOLECULAR  WEIGHT  STUDIES  OP  FIBERS  PROM  WORN  ROPES 


Reduction  in  mechanical  strength  of  rope  fibers  can  occur 
as  a  result  of  numerous  factors,  by  mechanical  attrition 
(through  cyclic  loads,  external  and  internal  abrasion,  bending 
fatigue,  friction,  excessive  tensions,  crushing,  and  even 
fish  bites)  or  by  chemical  attack  due  to  immersion  in  clean 
or  contaminated  sea  water,  to  gaseous  contaminants  in  air 
(e.g.  SOa)f  to  heat  and  to  oxygen  (air)  either  singly  or  in 
combination  with  other  variables,  or  by  photochemical  degrada¬ 
tion  (due  to  ultraviolet  radiation) .  To  provide  a  suitable 
background  for  studies  of  chemical  degradation  leading  to 
reductions  in  meahanical  properties  of  synthetic  fibers,  a 
thorough  study  was  undertaken  of  the  literature  on  environ¬ 
mental  degradation  of  nylon  and  polyester.  A  critical  evalua¬ 
tion  of  this  literature  undertaken  in  the  context  of  Ocean 
Engineering  applications  of  rope  has  been  presented  in  the 
previous  section  of  this  report. 

In  considering  the  assessment  of  chemical  degradation  in 
fibers,  an  attempt  was  made  to  identify  certain  chemical  methods 
which  have  been  employed  effectively  in  investigations  on 
the  two  principal  fibers  of  this  rope  study— for  the  purpose 
"of  establishing  correlations  between  the  extent  of  chemical 
degradation  encountered  under  specific  conditions  of  exposure 
and  observed  effects  on  polymer  properties".  These  chemical 
methods,  in  concert  with  scanning  electron  microscopy  and 
with  evaluation  of  changes  in  mechanical  properties,  have 
"provided  considerable  insight  into  the  effects  of  environmental 
variables  on  molecular  structural  changes  in  fibers ,  and  into 
the  dominant  meahanisms  cf  chemical  degradation  for  polyamides 
and  polyesters". 

The  major  methods  of  interest  in  the  context  of  an  applied 
research  study  of  this  nature  are  stated  to  include:  (1)  deter¬ 
mination  of  changes  in  molecular  weight  averages  and  in  the  con¬ 
centration  of  specific  functional  groups  sb  indicative  of 
degradation  on  a  molecular  level  and  (2)  measurements  of 
moisture  regain,  swelling  and  dye  diffusion  as  criteria  for 
assessment  of  structural  change. 

» 

The  effort  directed  toward  determination  of  chemical 
degradation  in  the  ten  worn  ropes  listed  in  Table  3.1  was 
limited.  Some  initial  tests  to  ascertain  the  extent  of  bond 
scission  occurring  in  fibers  taken  from  surface  and  core  yarns 
of  two  ropes,  #2  and  #4,  were  undertaken.  The  initial  method 
chosen  was  via  viscosity  measurements  using  concentrated 
sulphuric  acid  as  solvent  for  the  nylon.  Preliminary  data 
showed  alight,  but  insignificantly  higher  molecular  weight 
for  the  core  fibers  vs.  surface  fibers. 

It  was  then  decided  to  use  Gel  Permeation  Chromotography 
(GPC)  for  determination  of  molecular  weight  changes,  a  method 
capable  of  providing  precise  and  reproducible  number-average 
(fl^)  and  weight-average  (f?  )  molecular  weight  values,  as  well 
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as  a  measure  of  polydisperaity  index  relating  to  the  broadness 
of  the  molecular  weight  distribution.  Samples  of  unused  rope 
of  comparable  age  and  similar  filaments  were  not  available  for 
use  as  controls  in  these  tests.  Accordingly,  it  was  decided 
to  use  the  GPC  values  for  the  core  fibers  of  the  strand  as  a 
control  "stand-in".  And  fiber  specimens  were  then  selected 
from  various  locations  in  the  worn  ropes  for  the  GPC  evaluation 
of  molecular  weight  parameters. 

The  purpose  of  these  measurements  was  to  establish  whether 
there  is  pri.ma  facie  evidence  of  chemical  degradation  (chain 
scission)  for  fibers  in  regions  of  apparent  maximum  wear,  in 
which  visual  and  microscopic  observation  and  testing  of 
mechanical  properties  suggest  that  extensive  degradation  may 
have  occured  in  use.  Ropes  from,  which  samples  were  taken  are 
listed  in  Table  3.1a  and  3.1b,  but  excluded  the  two  double 
braided  ropes  #3  and  #5,  and  the  3-strand  rope,  #6. 

The  sampling  scheme  for  the  GPC  measurements  is  shown 
schematically  in  Pig.  3.21,  augmented  by  Fig.  3.3.  Fiber  spec¬ 
imens  were  taken  from  three  locations  in  the  exposed  zone  of  the 
rope:  from  the  outer  fibers  of  the  strand  surface  yarn,  from 
the  under  fibers  of  the  surface  yarn,  and  from  the  first  sub¬ 
layer  yarn.  Specimens  were  also  taken  from  three  locations  in 
the  protected  zone  of  the  rope:  from  the  strand  core,  from  the 
first  sublayer  yarn  at  the  rope  inside,  and  from  the  strand 
surface  yarn  at  the  rope  center  (also  called  the  hard  zones) . 

The  GPC  measurements  were  undertaken  in  two  groups  with 
HFXP  as  the  common  solvent,  but  different  standards  were  used 
for  comparison  in  the  two  groups.  In  the  case  of  ropes  #1,  #2, 
and  #4,  the  standard  was  polystyrene;  for  the  remainder  of  the 
measurements,  a  nylon  66  standard  was  employed.  In  the  case  of 
ropes  #7  and  #8,  specimens  were  taken  at  locations  as  indicated 
in  Pig.  3.21,  but  at  two  positions  along  the  rope.  In  the  case 
of  all  other  ropes,  specimens  were  selected  over  the  rope  cross 
section  at  a  single  position.  In  addition  to  these  tests  on 
worn  ropes,  samples  were  taken  from  two  new  ropes,  a  6-inch  and 
a  1/4-inch,  3-strand  ropes  of  nylon  66.  GPC  was  measured  in  the 
as-received  condition,  and  in  the  case  of  the  1/4-inch  rope, 
after  400  hours’  exposure  in  a  carbon-arc  weatherometer. 

The  results  for  number  average  molecular  weight  of  all  worn 
specimens  are  shown  in  Table  3.7,  for  weight  averages  molecular 
weights  in  Table  3.8,  and  for  polydisperaity  in  Table  3.9.  It 
is  immediately  evident  that  the  molecular  weight  values  for  the 
measurements  based  on  the  polystyrene  standard  differ  from  those 
based  on  the  nylon  66  standard.  To  permit  ready  comparison  be¬ 
tween  molecular  weight  measurements  for  filaments  in  the  exposed 
zones  vs,  the  protected  zones,  the  number  average  results  have 
been  normalized  relative  to  the  filaments  in  the  strand  core, 
much  as  was  done  for  the  mechanical  property  comparisons  in 
Table  3.5  and  Pig.  3.4.  These  "core"  normalized  molecular 
weight  data  are  listed  in  Table  3.10  and  are  plotted  in 
Pig.  3.22. 
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For  some  samples,  the  maximum  differences  in  number  aver¬ 
age  molecular  weight  between  outer  surface  fibers  and  core  or 
inner  surface  fibers  are  seen  to  exceed  the  reported  margin  of 
error  for  GPC  t nalysis  (+5%),  while  for  others,  the  differences 
are  within  the  5%  margin?  In  particular,  it  is  noted  in  Table 
3.10  that  in  all  six  of  the  older  rope  samples,  (manufactured 
in  1972,  or  before)  the  molecular  weight  (Mn)  of  the  exposed 
surface  fibers  is  more  than  5%  below  that  of  the  core  fibers 
and  for  five  of  these  six,  the  differences  range  from  10%  to 
17%.  On  the  other  hand,  the  difference  of  E?n  between  exposed 
surface  and  core  fibers  for  the  newer  (worn)  ropes  (#8,  1978, 
and  #10,  1979)  is  of  the  order  of  3%  to  6%,  sometimes  in  re¬ 
verse  of  expectation. 

Reference  to  Table  3.7  indicates  that  the  reproducibility 
of  the  values  in  the  most  protected  region  of  different  ropes, 
is  well  within  the  experimental  error  for  GPC  measurements,  the 
range  being  of  the  order  of  +2.5%  of  the  mean  for  the  strand 
core  fibers  of  each  comparison-standard  set.  In  addition,  it 
was  noted  that  the  two  samples  taken  from  the  new  3-strand  nylon 
66  rope  had  an  average  STn  of  48.3  x  10s  while  the  400-hour 
weatherometer  exposed  samples  averaoed  45.3  x  10s,  both  falling 
within  the  error  range  of  45.7  x  10*,  the  average  ffn  value  for 
core  fibers  of  the  pre-1973  worn  ropes. 

Finally,  it  is  seen  in  Table  3.9  that  while  the  differences 
in  polydispersity  between  the  outside  exposed  fibers  and  the 
inside  protected  fibers  are  of  doubtful  significance  when  indi¬ 
vidually  considered,  there  is  a  pattern  of  maximum  polydispersity 
in  the  outside  exposed  fibers  for  all  six  specimens  from  ropes  #7 
to  #10  inclusive  (using  the  nylon  66  standard).  Ropes  #1,  #2  and 
#4  for  which  the  GPC  standard  was  polystyrene  displaced  negligible 
differences  in  polydispersity  between  outermost  filaments  and 
core  filaments. 

It  should  be  noted  that  the  decrease  in  molecular  weight 
for  fibers  near  the  rope  surface  is  less  than  that  reported  in 
many  laboratory  studies  of  environmental  degradation  on  polymers 
and  fibers  of  comparable  structure.  This  raises  the  question  as 
to  whether  these  results  can  be  used  as  a  basis  for  stating 
that  ahaln  scission  was  a  key  factor  in  degradation  of  the  ropes 
examined.  Such  uncertainty  is  to  an  extent  reinforced  when  one 
views  the  highly  diffuse  graphical  correlation  of  "core"  normal¬ 
ized  data  for  Hn  vs.  core  normalized  data  for  filament  breaking 
strength,  as  presented  in  Fig.  3.23. 

Many  reasons  can  be  suggested  for  this  weak  correlation 
between  molecular  chain  scission  vs.  tensile  strength  in  fila¬ 
ments  taken  from  selected  locations  across  the  worn  ropes: 

•  If  molecular  weight  decrease  is  taken  as  a 
criterion  of  chemical  degradation  in  nylon 
filaments,  the  available  evidence  indicates 
that  chemical  change  is  probably  not  the 


dominant  factor  over  the  entire  cross  section 
of  the  used  ropes  examinee^  Thus,  a  large 
portion  of  the  data  in  Fig.  3.23  merely  reflects 
sampling  and  test  method  variability. 

•  Despite  the  considerable  age  of  the  worn  ropes 
studied,  it  is  possible  that  the  extent  of 
weather  exposure  of  the  specimens  analyzed  was 
limited  and  the  significant  UV  deterioration 
observed  in  other  studies  was  simply  lacking  in 
the  specimens  at  hand. 

•  The  sampling  techniques  of  extracting  fibers 
from  the  surface  layer  of  the  worn  ropes  may 
inadvertently  have  included  numbers  of  protected, 
undegraded  filaments  along  with  exposed,  de- 
graded  filaments.  Thus,  the  surface  layer  results 
might  have  represented  an  averaging  of  degraded 
and  relatively  undegraded  specimens  and,  accord¬ 
ingly,  the  outer  surface  vs.  core  Hn  differences 
may  have  been  suppressed. 

•  Chain  scission  which  is  in  evidence  for  certain 
samples  is  likely  concentrated  in  the  stress 
bearing  molecular  chains  in  the  amorphous  regions 
of  their  fiber  structure,  hence  could  have  sig¬ 
nificant  effect  on  residual  fiber  tenacity 
without  a  corresponding  effect  on  number  average 
molecular  weights. 

•  Such  selective  chain  scission  would  be  expected 
to  have  a  more  significant  influence  on  filament 
energy  to  rupture,  or  on  subsequent  abrasion  re¬ 
sistance  than  on  simple  ultimate  strength*  If 
this  is  the  case,  then  filaments  subjected  simul¬ 
taneously  or  sequentially  to  UV  degradation  (or 
other  forms  of  chemical  degradation) ,  plus 
abrasion  and/or  cyclic  tensioning,  would  be  ex¬ 
pected  to  undergo  far  greater  losses  in  mechani¬ 
cal  properties  than  in  the  case  of  UV  exposure 

by  itself,  or  abrasion  by  itself. 

In  light  of  the  scatter  evidenced  in  the  normalized  5Tn 
data  (Figs.  3.22  and  3.23),  statements  concerning  the  role  of 
chain  scission  in  deterioration  of  marine  ropes  must  be  formu¬ 
lated  with  specific  limitations.  Further  work  on  this  subject 
is  clearly  necessary.  Nonetheless,  certain  conclusions  can  be 
drawn  on  the  basis  of  the  evidence  collected  to  dates 

•  Use  of  strand-core  fiber  5Tn  data  as  a  basis  for 
normalized  comparisons  of  changes  in  number 
average  molecular  weights  is  a  valid  procedure. 
This  follows  from  the  observation  that  differ¬ 
ences  in  HL  values  for  strand  core  fibers  of 

n 
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ropes  varying  in  age  from  3  to  16  years  are  well 
within  the  range  of  experimental  error  about 
their  mean.  Similarly,  the  average  Mn  for  the 
one  new  nylon  66  rope  tested  is  not  significantly 
greater  than  the  mean  of  the  core  fibers  of 
the  older,  worn  ropes. 

•  Fibers  taken  from  the  outermost  surface  of  worn 
ropes,  10  years  or  older,  manifested  significant 
reductions  in  number  average  molecular  weights  as 
compared  to  strand  core  fibers  from  corresponding 
ropes. 

•  Fibers  taken  from  the  outermost  surface  of  worn 
ropes  3  and  4  years  old  did  not  evidence  significant 
reductions  in  Mn  as  compared  to  strand  core  fibers 
from  corresponding  ropes. 


•  Consistently  significant  reductions  in  Hn  ere  not 
observed  in  fibers  taken  from  the  underpart  of  the 
exposed  surface  yarns  and  from  the  first  subsurface 
layers . 

•  On  the  basis  of  published  results  for  the  corral-  . 
ation  between  effect  of  UV  exposure  on  ffn  end  on 
tensile  strength,  it  is  concluded  that  chain 
scission  is  an  important  component  in  the  deteri¬ 
oration  of  outermost  fibers  in  the  marine  ropes. 

(It  has  been  suggested  that  the  per  cent  loss  in 
Hfn  due  to  UV  exposure  may  be  multiplied  2.5  times 
to  provide  an  estimate  of  the  corresponding  loss 
in  tensile  strength.) 

•  The  fact  that  measured  losses  in  tensile  strength 
exceed  the  losses  thus  estimated  in  5  out  of  6 

of  the  "old"  ropes,  would  suggest  that  chemical 
scission  is  not  the  sole  factor  in  deterioration 
of  the  outermost  fibers.  Mechanical  action  must 
contribute  the  remaining  damage,  as  is  evidenced 
in  Scanning  Electron  Microscopy  studies. 

•  The  absence  of  control  specimens  and  the  lack  of 
detailed  information  on  actual  exposure  (UV, 
immersion  and  mechanical)  of  each  rope  precludes 
the  generalization  of  conclusions  in  a  form  more 
useful  for  marine  applications.  Further  chemical 
tests  are  warranted  based  on  other  techniques  as 
cited  in  the  literature  survey  of  Section  2. 

DIFFERENTIAL  SCANNING  CALORIMETRIC  MEASUREMENTS  (DSC) 

Differential  scanning  calorimetric  (DSC)  measurements  were 
carried  out  on  core  fibers  of  all  the  ten  worn  ropes.  The  pur¬ 
pose  of  these  tests  was  to  determine  the  melting  behavior  of  the 
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crystalline  regions  of  the  filaments  of  various  ages.  In 
addition,  a  new  1/4-inch  nylon  66  rope  was  so  tested. 

The  DSC  measurements  were  performed  on  a  Perkin-Elmer 
DSC-2  unit,  using  a  small  .amount  of  rope  filaments  in  a  crimped 
aluminum  pan.  The  calorimetric  sensitivity  of  the  DSC  scan  was 
5  and  10  mcal/sec-inch  and  a  heating  rate  of  20°C/min  was  chosen 
in  order  to  obtain  a  well  defined  melting  point.  DSC  measure¬ 
ments  were  run  twice  for  each  rope  and  all  22  original  DSC 
thermograms  are  presented  in  Fig.  3.24. 

The  thermograms  clearly  show  that  the  melting  occurs  over 
a  broad  temperature  range.  It  is  well  known  that  the  melting 
of  fiber  filaments  is  not  as  simple  a  process  as  the  melting  of 
perfect  polymer  crystals  and  the  exact  melting  point  of  each 
crystalline  region  depends  both  on  its  size  and  on  its  degree 
of  perfection.  Accordingly,  the  values  of  melting  temperature 
in  these  particular  measurements  were  taken  to  be  the  point  of 
melting  of  the  highest  melting  crystallites,  i.e.  the  point  of 
disappearance  of  the  last  traces  of  crystallinity. 

The  melting  temperatures  determined  in  this  manner  are 
listed  in  Table  3.11.  Here  it  is  noted  that  rope  #4  shows  a 
melting  temperature  from  215°C-225°C,  the  range  for  melting  of 
nylon  6  crystals.  The  PET  sample  of  rope  #5  exhibits  a  slightly 
higher  temperature  (262°C)  than  the  remaining  worn  ropes,  which 
range  from  255°C-260°C,  corresponding  to  the  melting  tempera¬ 
ture  of  nylon  66.  The  new  1/4-inch  nylon  rope  #11  is  seen  to 
melt  at  265°C-267°C,  possibly  reflecting  the  effeat  of  its 
different  heat  treatment. 

It  is  noted  that  samples  from  ropes  #2,  #4,  #7,  #8  and  #11 
exhibit  double  melting  endotherms  in  the  DSC  thermograms,  these 
are  no  doubt  caused  by  crystallites  of  different  sizes  and/or 
degrees  of  perfection  and  depend  to  some  extent  upon  the 
thermal  history  of  the  rope  specimens. 

In  conclusion,  it  is  noted  that  the  DSC  data  confirms  the 
presence  of  one  nylon  6  specimen  among  the  worn  ropes  and  one 
PET,  the  remainder  being  nylon  66.  Additional  information 
furnished  reflects  on  differences  in  crystal  structure,  a  sub¬ 
ject  which  may  be  studied  further  in  the  coming  year. 

EFFECT  OF  WATER  IMMERSION  OF  FIBER  PROPERTIES 

While  molecular  weight  studies  have  not  shown  a  signifi¬ 
cant  difference  to  exist  between  JTn  of  new  rope  fibers  and 
strand  core  fibers  of  worn  ropes,  a  question  remains  as  to  the 
extent  established  that  mechanical  properties  of  a  given  fiber 
(i.e.  with  a  fixed  5L)  can  be  altered  by  variations  in  original 
spinning  speeds,  in  draw  ratio,  in  heat  stabilization,  and  in 
both  dry  and  wet  shrinkage.  The  focus  of  this  section  is  on 
the  effect  of  water  immersion  on  mechanical  properties. 

Since  no  data  were  available  on  the  original  stress-strain 
properties  of  filaments  from  the  worn  ropes,  it  was  deemed 
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advisable  to  obtain  a  limited  amount  of  base  line  data  on  the 
effect  of  water  immersion  on  properties  of  new  filaments  pre¬ 
sently  used  on  rope  manufacture.  Accordingly,  a  sample  of  new 
nylon  66  yarn,  of  1260  denier  and  210  filaments  (6  dpf ) ,  was 
obtained  and  subjected  to  a  variety  of  immersion  and  shrinkage 
tests  and  to  subsequent  tensile  testing.  In  addition,  samples 
of  polyester  (16-mil  diameter)  and  nylon  66  (20-mil  diameter) 
monofilaments  were  subjected  to  creep  tests  in  air  and/or  in 
water. 

The  results  of  the  nylon  66  monofilament  tests  are  shown 
in  Table  3.12  and  indicate  that  the  nylon  specimens  subjected 
to  creep  tests  in  air  up  to  40  hours  (at  a  load  equal  to  40% 
of  the  dry  breaking  strength)  do  not  lose  strength  when  dry 
tested  after  creep;  they  do,  however,  lose  up  to  about  15%  in 
elongation  to  break  after  40  hours  of  creep.  In  wet  creep 
tests  at  20%  and  40%  creep  loads  (i.e.  per  cent  of  breaking 
strength) ,  the  monofilaments  show  subsequent  strength  reductions 
of  up  to  15%,  but  significant  increases  in  elongation  to  rupture. 
Merely  soaking  the  monofil  in  water  led  to  such  shrinkage  that 
in  subsequent  tensile  testing  the  ratio  of  treated  elongation  to 
rupture  to  the  original  elongation  to  rupture  was  217%.  After 
creep  tests  in  water,  the  elongation  ratios  of  treated  to 
original  specimens  were  about  150%. 

To  compare  the  behavior  of  nylon  vs.  PET  monofilaments, 
samples  were  subjected  to  dry  creep  tests  under  loads  equivalent 
to  40%  of  their  UTS.  No  reductions  in  subsequent  tensile  test 
values  were  observed  and  but  significant  decreases  were  recorded 
in  elongations  to  rupture  as  per  Table  3.13. 

The  results  of  tests  on  new  nylon  66  filaments  of  six 
immersed  for  50  hours  in  sea  water  (actually  from  Boston  Harbor) 
are  shown  in  Fig.  3,25.  The  filaments  were  first  suspended  in 
a  sea  water  bath  with  weights  varying  from  0,  0.5,  1.0,  to  1.5 
gf/den  for  50  hours.  They  were  then  air  dried  and  tensile 
tested.  Changes  in  resulting  breaking  strengths  and  extensions 
are  shown,  indicating  significant  losses  in  both  strength  and 
elongation  at  the  higher  immersion  loads. 

Still  another  test  sequence  involved  filaments  taken  from 
surface  and  from  core  locations  of  the  rope  #2  strand.  Here, 
the  filaments  were  tensile  tested  before  and  after  a  20-min  ex¬ 
posure  to  hot  water  (98*0  and  the  resulting  data  plotted  in 
Fig.  3.26  show  .that  strengths  are  reduced  significantly  due  to 
the  hot  water  immersion,  and  elongations  to  rupture  are 
correspondingly  increased.  The  interesting  feature  in  Fig.  3.26 
is  the  tendency  for  the  breaking  strength/elongation  to  rupture 
points  to  lie  on  one  composite  strength-strain  curve  for  the 
"after  hot  water  treatment"  fibers.  Further,  the  points  for 
the  core  fibers  clustered  along  the  upper  part  of  the  composite 
strength-strain  curve,  while  the  points  for  the  surface  fibers 
lay  along  the  lower  segment  of  the  curves.  Finally,  the  clock¬ 
wise  shift  of  the  composite  strength/elongations  curves,  due  to 


the  hot  water  treatment,  is  consistent  with  known  shrinkage 
behavior  of  thermoplastic  fibers. 

Still  another  set  of  tests  were  undertaken  to  show  the 
effect  of  commercial  heat  setting  of  rope  on  the  mechanical 
properties  of  rope  yarns.  In  this  case,  a  3-strand  twisted 
0.6-in.  diameter  nylon  rope  was  obtained  in  its  before  and 
after  heat  setting  conditions.  The  construction  of  the  rope  was 
such  that  each  strand  contained  seven  plied  yarns  (6  twisted 
about  a  seventh  core  plied  yarn  with  each  individual  plied 
yarn  containing  4  rope  yarns) .  Tensile  tests  were  carried  out 
on  120-in  gauge  lengths  of  rope  yarns  extracted 'from,  boti.  he^t 
set  and  unset  ropes.  The  results  for  four  tests  fox  jach  speci¬ 
men  at  2  in/min  rate  of  extension,  were  averaged  and  plotted  in 
Fig.  3.27,  showing  a  significant  clockwise  rotation  of  the 
curve,  reduction  in  strength,  and  increase  in  elongation  to 
rupture.  Similar  tests  conducted  on  the  4  ply  yarns  are 
< reported  in  Fig.  3.28,  showing  a  similar  clockwise  rotation  of 
the  stress-strain  curve.  A  slight  difference  is  seen  during 
loading  of  the  4  ply  yarn  taken  from  the  strand  surface  vs.  that 
from  the  core.  But  the  major  difference  occurring  in  the  heat 
set  plied  yarns  is  in  the  sequential  rupture  which  occurs  in 
both  surface  and  core  yarns.  In  contrast,  the  untreated  plied 
yarn  ruptures  in  a  single  alean  break.  This  behavioral  differ¬ 
ence  reflects  on  the  interaction  between  rope  components  which 
occurred  during  the  8%  to  10%  shrinkage  during  the  steam  moti¬ 
vated  commercial  setting  process.  Such  interactions  will  be 
the  subject  of  further  study. 

Shrinkage  Properties  of  Filaments 

In  addition  to  obtaining  tensile  stress-strain  properties 
so  as  to  determine  the  effect  of  service  life  on  filaments 
taken  from  various  locations  in  worn  ropes,  it  is  useful  to 
measure  the  dimensional  stability  of  these  same  fibers.  Dimen¬ 
sional  stability  of  fibers  subjected  to  heat  in  dry  or  wet  con¬ 
ditions  is  affected  by  the  degree  of  prior  drawing  or  extension 
and  on  the  level  of  subsequent  heat  setting;  stability  is  also 
affected  by  prior  strains  or  shrinkage  incurred  during  use  of 
tho  end  product.  Accordingly,  filaments  taken  from  the  core, 
as  well  as  from  all  layers  of  rope  #2,  were  subjected  to  20- 
minute  shrinkage  treatments,  in  one  case,  dry  C,.e.  lying 
tensionless  in  an  oven  at  130°C) ,  and  in  the  second  case,  wet 
(i.e.  completely  relaxed  in  water  at  99°C) .  The  results  of 
these  teats  reported  in  Fig.  3.29  (with  5  or  more  tests  per 
point) ,  show  considerable  difference  in  shrinkage  teats  run  dry 
vs.  those  run  wet,  the  latter  reflecting  considerably  higher 
levels  ranging  from  3%  to  5,5%,  the  former  ranging  from  1%  to 
1.5%.  While  not  much  can  be  made  of  the  variation  of  1/2%  in 
dry  shrinkage  between  core  and  outside  surface  filaments,  the 
bolloff  shrinkage  differences  are  worth  noting,  with  core  set 
shrinkage  at  about  5.5%  and  shrinkage  values  falling  off  to  3% 
in  the  surface  filaments  of  rope  2D, 

Since  it  is  well  known  that  small  concentrations  of  phenol 
in  water  serve  to  swell  nylon  fibers  and  concommitantly  to 
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accelerate  shrinkage,  wet  shrinkage  tests  were  also  run  at  low 
phenol  concentrations  and  at  room  temperature  for  filaments 
from  ropes  #2  and  #4.  The  average  of  more  than  five  tests  showed 
shrinkages  to  be  much  higher  in  the  core  filaments  and  inner 
layers  of  rope  #2  than  for  corresponding  filaments  from  outer 
layers.  Filaments  from  the  inner  layers  of  rope  #4  likewise 
showed  somewhat  higher  shrinkage  values  than  those  in  the  outer 
layers.  But,  due  to  differences  in  the  fiber  type  of  the  two 
ropes,  and  in  the  actual  phenol  concentrations  employed,  these 
data  cannot  be  compared  on  an  absolute  basis.  Nonetheless,  the 
observed  differences  between  shrinkage  of  inner  vs.  outer 
fibers  warrant  further  study. 

Despite  the  fact  that  the  shrinkage  data  furnished  above 
are  limited,  they  consistently  show  higher  water  boiloff  and 
(cold)  phenol  shrinkages  for  filaments  taken  from  core  or  near 
core  positions  in  both  ropes.  This  difference  is  one  more 
piece  of  evidence  of  the  effects  of  differences  in  mechanical 
history  and  in  exposure  to  ambient  conditions  experienced  by 
fibers  in  different  locations  of  the  rope, 

MICROSCOPIC  STUDIES 


The  extensive  loss  in  mechanical  properties  measured  in 
worn  rope  samples  was  accompanied  by  some  evidence  of  chemical 
(or  photochemical)  damage  as  indicated  in  the  GPC  data.  While 
molecular  chain  scission  can  account  for  some  of  the  observed 
loss  in  filament  strength,  the  overall  weakening  of  the  fibers 
at  the  rope  surface  undoubtedly  had  a  strong  mechanical  compo¬ 
nent  of  deterioration.  Optical  and  scanning  electron  micros¬ 
copy  was  used  to  examine  filaments  drawn  from  various  locations 
across  the  rope  strand  section  as  per  Fig.  3.21.  These  loca¬ 
tions  were'  the  same  as  had  been  selected  for  measurements  of 
GPC  and  for  determination  of  tensile  properties.  It  was  ex¬ 
pected  that  photomicrographs  of  these  specific  fiber  specimens 
would  provide  some  insight  on  their  observed  mechanical  and 
chemical  properties. 

In  addition  to  microscopic  examination  of  fibers  extracted 
from  the  ropes,  longitudinal  views  of  the  worn  ropes  were 
studied  in  an  intact  state,  and  with  single  strands  removed. 
Also,  plied  yarns  romoved  from  various  sections  of  the  rope 
were  embedded  in  polyester  resin,  microtomed  and  photomicro- 
graphed.  In  all,  two  to  three  photographic  records  were  made 
of  the  surface  (or  cross  sectional)  appearance  for  each  of  the 
locations  of  interest  in  the  ten  ropes,  thus  creating  a  problem 
in  presentation.  Large  collections  of  data  can  be  averaged 
and  statistically  analyzed  by  accepted  techniques,  but  the 
summarization  of  pictorial  evidence  must  be  dealt  with  on  a 
more  subjective  basis. 

It  was  decided  to  present  the  microscopic  evidence 
according  to  the  following  (arbitrary)  list  of  phenomena  or 
mechanisms: 


(1)  lateral  distortion  of  plied  yarn  bundles, 

(2)  compaction  of  fibers  in  plied  yarns, 

(3)  creasing  of  fibers  in  distorted  yarn  bundles, 

(4)  "asperity"  filament  abrasion, 

(5)  filament-f ilament  abrasion, 

(6)  filament-filament  embossing  and/or  crushing, 

(7)  filament  surface  cracking, 

(8)  filament  surface  encrustation, 

(9)  filament  rupture  in  situ, 

(10)  filament  rupture  in  tensile  test, 

(11)  surface  etching  of  filament, 

(12)  filament  splitting, 

(13)  free  end  disintegration. 

Lateral  Distortion  and  Compaction  of  Plied  Yarn  Bundles 

In  discussing  the  structural  composition  of  used  lines,  we 
have  presented  the  Idealized  geometry  of  the  3-strand  rope  in 
Pig.  3.1,  adding  the  modifications  of  ellipticity  due  to  strand 
obliquity  and  of  lateral  plied  yarn  distortion.  The  plied 
yarn  profiles  of  Fig.  3.2  were  traced  from  photomicrographs  of 
embedded  yarns  in  the  early  stages  of  the  program. 

As  the  tensile  studies  progressed,  the  appearance  of 
periodic  hard  spots  along  the  ply  yarn  at  the  rope  center, 
suggested  the  need  for  cross  sectional  studies  in  well  identi¬ 
fied  yarns  both  across  and  along  the  rope  strand.  Accordingly, 
plied  yarns  were  carefully  extracted  from  various  locations  of 
rope  #4,  embedded  and  sectioned.  Longitudinal  views  of  the 
same  yarns  were  also  photographed. 

Figure.  3.30  shows  tracings  of  the  plied  yarn  sections  of 
the  surface  yarns  of  the  strand  from  the  "soft"  outer  zone  of 
the  rope  and  from  the  "hard"  inner  zone  of  the  rope.  Yarns 
from  the  first  sublayer  and  from  the  second  sublayer  are  also 
shown,  again  from  soft  and  hard  zones.  Profile  tracings 
have  been  used  in  this  case,  since  the  contrast  in  the  photo- 
micographs  obtained  was  not  sufficient  to  survive  reproduction 
in  this  report. 

Even  though  the  sections  of  Fig.  3.30  are  those  of  yarns 
removed  from  the  compressive  constraints  of  the  3-strand  rope, 
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the  differences  in  their  profiles  are  striking.  The  strand 
surface  yarn  in  the  outer  "soft"  zone  of  the  rope  is  relatively 
open  with  nearly  round  rope  yarn  sections,  in  contrast,  the 
strand  surface  plied  yarn  in  the  inner  "hard"  zone  of  the  rope 
is  highly  compressed  and  the  component  rope  yarns  are  likewise 
compressed  and  distorted.  Soft  zone  yarns  in  the  first  sublayer, 
then  the  second  sublayer,  are  somewhat  more  compressed  than  those 
in  the  soft  outer  layerT  but  they  still  maintain  their  approxi¬ 
mate  symmetry,  even  though  no  longer  round.  In  contrast,  pro¬ 
files  of  the  plied  yarn  in  the  hard  zones  are  drastically 
distorted,  asymmetric  and  compacted,  whether  in  the  surface 
yarn  or  in  the  sublayers. 

Filament-Filament  Abrasion  and  Fiber  Creasing 

If  the  vertical  in  Fig.  3.30  is  established  as  the  radial 
direction,  r,  in  the  rope,  then  the  horizontal  can  represent 
the  tangential  (hoop)  direction,  0.  Examination  of  the  yarns 
profiled  in  Fig.  3.30  reveals  the  following: 

•  Compacted  fibers  in  the  hard  zones,  Fig.  3.31A 
and  B,  in  contrast  to  loosely  packed  fibers  in 
the  soft  zones,  Fig.  3.32A  and  B. 

•  Frictional  damage  at  sides  of  the  plied  yarn  in 
the  hard  zones,  particularly  on  the  0  planes,  i.e. 
between  plied  yarns  in  the  same  radial  layer.  (See 
Fig.  3.33A  and  B  at  low  magnification  and  Fig.  3.34A 
and  3.34B  at  higher  magnification.)  Frictional 
damage  is  also  seen  between  the  rope  yarns  of  a 
given  plied  yarn  taken  from  a  hard  zone  of  the 
rope.  It  is  noted  that  this  type  of  filament 
damage  extends  but  a  few  filaments  deep  at  the  6 
face  of  the  plied  yarns,  or  between  rope  yarns 
within  a  given  plied  yarn. 

•  Filaments  which  twist  around  the  rope  yarns  sketched 
in  Fig.  3.30  must  negotiate  relatively  sharp  corners, 
hence  may  be  subjected  to  sharp  curvatures.  There 
are  no  residual  bends  observed  in  fibers  drawn  from 
the  "soft"  zones  of  rope  #4;  residual  bends  or 
creases  are  observed  in  fibers  extracted  from  the 
hard  zones.  Observed  between  crossed  polarizing 
lenses  in  the  microscope,  these  permanently  bent 
fibers  show  numerous  color  changes  representative 

of  residual  strains.  Figure  3.35  provides  an  ex¬ 
ample  of  creased  edges  along  the  length  of  a  plied 
yarn  in  a  hard  zone  of  rope  #4. 

Asperity  Abrasion 

The  terminology  asperity  abrasion  refers  to  active  mechani¬ 
cal  abrasion  of  the  filaments  located  in  the  surface  layer  of 
the  strand  at  the  outermost  portion  of  the  rope.  The  asperity 
attack  presumably  occurs  because  of  the  roughness  of  surfaces 
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contacting  the  outer  surface  of  the  rope.  Such  contact  occurs 
at  bollards,  cleats,  capstans,  winding  drums,  deck  surfaces, 
etc.,  even  against  other  portions  of  the  same  rope.  The  result¬ 
ant  filament  damage  often  shows  up  as  axial  gouges  along  the 
fiber  axis,  as  in  Fig.  3.36A  and  B.  Such  direction  attrition 
reflects  the  parallel  orientation  of  rope  surface  fibers  to  rope 
axes  and  the  most  frequent  direction  of  rope  movement  against 
guiding  surfaces. 

Other  filaments  taken  from  rope  #7D  are  seen  in  Fig.  3.36C, 

D  and  £  to  be  encrusted  at  their  surfaces  and  subjected  to 
severe  gouging.  Such  gouging  reveals  the  internal  fibrillar 
structure  of  the  filament  and  leads  to  subsequent  cracking  and/or 
splitting  along  the  filament  axis. 

Free  End  Disintegration 

A  number  of  broken  or  free  ends  of  surface  filaments  were 
gathered  and  examined  under  the  Scanning  Electron  Microscope. 
Among  these  were  samples  such  as  shown  in  Fig.  3.37  which 
appeared  as  etched  porous  sponge-like  structures,  suggesting 
the  presence  of  photochemical  degradation  such  as  reported  for 
fibers  exposed  for  Florida  sunlight  [1]  or  to  670  hours  in  light 
of  a  Xenon-arc  lamp  [2]. 

Figure  3.37A  shows  longitudinal  views  of  two  spongy  struc¬ 
tured  fibers.  Figure  3.37B  shows  a  fiber  end  with  spongy  struc¬ 
ture,  with  rounded  and  and  with  longitudinal  cracks  at  the  tip  of 
the  fiber.  Figure  3.37C  presents  a  fiber  broken  in  rope  usage 
and  displays  a  major  axial  crack  originating  at  the  principal 
fracture  surface.  Transverse  cracking  is  also  in  evidence,  as 
well  as  the  beginning  of  surface  etching. 

Still  other  examples  of  broken  or  free  ends  of  surface 
filaments  are  shown  in  Fig.  3.37D,  E  and  F  for  rope  #8,  which  is 
fairly  new  (1978  date  of  manufacture).  These  free  ends  have 
suffered  a  variety  of  attacks  prior  to  failure  and  after  flatten¬ 
ing,  splitting,  encrustation  and  cracking. 

Finally,  a  few  free  ends  from  the  relatively  old  rope  #7 
(1966)  are  shown  in  Fig.  3.37G  and  H.  Here  one  notes  the  virtual 
disintegration  of  the  filament  tip  by  attrition,  the  extreme 
bending  of  the  filament,  and  the  local  removal  of  pieces  from 
the  filament  surface. 


Surface  Encrustation  and  Cracking 

Fibers  drawn  from  the  surface  layer  of  the  strand  in  the 
exposed  soft  zone  manifest  much  encrustation,  some  transverse 
cracking,  and  occasional  lateral  compression  or  crushing,  as  can 
be  seen  in  Fig.  3.38A  and  B.  These  filaments  from  the  1972  rope 
#4  fail  at  low  tensile  loads  with  very  little  deformation,  as 
evidenced  by  their  truncated  load-elongation  curves  and  the 
absence  of  scallop-shaped  crack  openings.  In  contrast,  filaments 
from  the  same  strand  surface  in  the  protected,  hard  zone  show 


little  evidence  of  encrustation  or  surface  cracking,  as  seen  in 
Pig.  3.39A  and  B.  Their  fracture  surfaces  contain  the  classical 
scallop-crack  initiation  and  opening  usually  observed  in  new 
nylon  fibers;  their  load-elongation  curves  show  but  slight  trunca¬ 
tion  compared  to  that  of  filaments  from  the  core  of  the  strand. 
Axial  gouging  or  filament-filament  abrasion  is  in  evidence  at 
these  hard  spots,  as  has  been  discussed  earlier  and  shown  in 
Figs.  3.33  and  3.34. 

Filaments  from  the  layer  of  plied  yarns  just  below  the  sur¬ 
face  of  the  1972  rope  #4  display  very  little  surface  deposit 
when  specimens  are  taken  from  the  exposed  soft  zone,  but  even 
less  when  taken  from  the  protected  hard  zone.  See  Figs.  3.40A 
and  B  and  3.41.  Fracture  surfaaes  of  both  sets  of  fibers  con¬ 
tain  the  scallop-crack  opening  characteristic  of  a  tensile 
failure  in  a  virgin  fiber.  However,  the  hard  zone  fiber  often 
shows  abrasion  damage  along  its  lateral  surface,  as  seen  in 
Fig.  3.41.  Despite  such  damage,  there  is  not  much  reduction  in 
filament  tenaaity  or  elongation  to  rupture  for  these  few  speci¬ 
mens  tested  (compared  to  the  strand  core  filaments).  A  strand 
core  filament  is  pictured  in  Fig.  3.42,  showing  a  clean  surface 
and  a  typical  scallop-crack. 

Filament  to  Filament  Embossing  and/or  Crushing 

Rope  #2  is  even  older  than  rope  #4,  having  been  manufactured 
in  1966.  Hence,  its  behavior  as  observed  in  the  SF<M  is  of 
interest.  Two  surface  yarn  filaments  removed  from  the  exposed 
zone  are  shown  in  Fig.  3.43,  with  considerable  surface  encrusta¬ 
tion.  They  both  fail  in  tension  without  evidence  of  crack 
"yawning”.  The  filament  of  Fig.  3.43A  further  has  experienced 
a  distinct  modification  of  its  cross  section,  due  either  to 
earlier  abrasive  gouging,  or  to  lateral  compression.  And  its 
load-elongation  curve  is  severely  truncated.  The  filament  of 
Fig.  3.43B  appears  likewise  to  be  coated  or  encrusted,  and  its 
failure  mode  reflects  bicomponent  structure  with  significant 
differences  in  properties  in  filament  core  vs.  sheath.  Obviously, 
the  first  example  is  severely  degraded,  as  indicated  by  its 
truncated  load-elongation  curve.  The  second  example  still  re¬ 
tains  a  good  part  of  its  original  strength  and  elongation. 

Still  another  specimen  from  the  exposed  strand  surface 
layer  of  rope  #2  is  pictured  (Fig,  3.44A)  in  a  highly  compressed 
state,  crushed  as  it  were  by  a  flat  surface.  This  crushing  has 
apparently  caused  a  series  of  axial  cracks  at  the  filament  sur¬ 
face,  similar  to  that  reported  in  the  literature  in  lateral 
compression  tests  of  PET  and  nylon  66  monofilaments  [3].  whether 
these  longitudinal  cracks  traverse  the  inner  sections  of  the 
filament  is  not  known,  since  in  the  tensile  test  of  this  filament 
rupture  took  place  at  another  location,  at  a  level  not  far  below 
the  strength  of  the  core  filaments.  In  any  case,  it  is  noted 
that  there  is  only  limited  encrustation  on  the  filaments  of 
Fig.  3.44.  A  more  typical  filament  with  considerable  encrusta¬ 
tion  is  shown  in  Fig.  3.45.  This  filament  clearly  fails  in  a 
brittle  mode  with  severe  truncation  of  its  load  elongation  curve. 


In  the  protected  (hard)  zone,  filaments  of  the  surface  layer 
of  rope  #4  show  negligible  encrustation  and  there  is  little 
evidence  of  loss  in  strength  or  elongation  to  rupture  (see 
Pig.  3.46).  The  scallop-crack  formation  is  present  in  the  frac¬ 
ture  surface. 


Filaments  from  the  first  strand  sublayer  of  yarns  in  the 
exposed  zone  of  rope  #2  sometimes  show  considerable  encrustation 
and  disruption  of  internal  structural  cohesion  (Fig.  3.47)  with 
resulting  less  in  strength;  on  other  occasions,  they  show  less 
evidence  of  surface  attack  and  retain  unusually  high  filament 
mechanical  properties  (see  Fig,  3.48). 

Some  filaments  of  the  first  sublayer  in  the  protected  zone 
on  occasion  are  highly  compressed  and  appear  to  develop  a  sheath 
cote  structure  as  seen  in  Fig,  3.49.  The  fracture  surface  of 
another  such  fiber  (Fig.  3.50)  shows  the  presence  of  two  scallop- 
crack  formations  leading  to  a  stepwise  rupture  with  very  little 
loss  of  strength  or  elongation. 

Still  other  examples  of  excessive  lateral  compression  of 
filaments  were  found  in  the  strand  core  of  rope  #2,  as  shown  in 
Figs.  3.51,  3.52,  3.53  and  3.54A.  Significant  losses  in  tensile 
strength  and  elongation  follow.  Another  example  of  lateral  com¬ 
pression  and  embossing  accompanied  by  some  fretting  is  shown  in 
Fig.  3.54B  for  a  filament  removed  from  the  surface  of  rope  #8,~ 
a  fairly  new  line  (1978).  This  is  not  to  say  that  all  core 
fibers  were  so  affected,  for  it  is  seen  in  Fig.  3,55  that  round- 
ness,  strength  and  elongation  are  often  retained.  The  longitu¬ 
dinal  crack  starting  up  from  the  fracture  surface  is  noteworthy 
in  this  specimen. 

Sheath-Core  Fracture  Mode 


Fractographic  records  have  thus  far  indicated  that  fibers 
exposed  at  the  surface  of  marine  ropes  will  convert  from  a  duc¬ 
tile  mode  of  rupture  with  a  yawning  scallop-shell-shaped  crack 
to  a  comparatively  brittle  mode  of  rupture  with  indication  of  a 
sheath  core  structure.  Several  examples  are  given  here  to  focus 
on  this  phenomenon.  In  Figs.  3.56  and  3.57  are  shown  fractograph 
records  for  filaments  extracted  from  the  outer  exposed  surface 
of  rope  #7  and  tested  on  the  Instron.  The  sheath  core  structure 
is  distinctly  in  evidence  in  these  photographs.  It  is  noted 
particularly  in  Fig.  3.56  that  the  edges  of  the  sheath  are  curled 
inward  as  if  due  to  snap-back  buckling.  This  same  figure  shows 
evidence  of  rodlike  cells  in  the  core  of  the  filament  similar  to 
those  described  for  nylon  specimens  exposed  to  weather  con¬ 
ditions  II],  As  the  most  exposed  fibers  of  the  rope,  these 
specimens  also  manifest  surface  pitting  and  encrustation  charac¬ 
teristics  of  weather  exposed  fibers. 

Similar  behavior  is  noted  in  Fig.  3.58A  for  a  surface  fila¬ 
ment  of  rope  #1,  which  shows  the  sheath  core  behavior,  surface 
cracking  and  crusting,  as  well  as  significant  loss  in  strength 
and  elongation.  A  similar  phenomenon  is  seen  in  Fig.  3.58B,  C,  D 
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for  a  surface  fiber  of  rope  #2D. 

In  contrast ,  filaments  from  the  first  strand  sublayer  in  the 
protected  zone  failed  in  Instron  tensile  testa  in  the  usual 
ductile  mode  with  scallop-crack  development,  as  seen  in  Fig,  3.59. 
Note  the  uniqueness  of  these  fractures  in  the  double  scallop- 
crack  development,  each  originating  from  a  different  flaw  point 
in  the  fiber.  All  these  to  be  contrasted  with  the  classical 
tensile  fracture  mode  for  a  strand  core  filament  of  rope  #7, 
shown  in  Fig.  3.60. 

The  switching  from  scallop-crack  failure  mode  for  protected 
fibers  to  flat  mode  or  bicomponent  mode  for  exposed  fibers  is 
underscored  in  the  fractographs  shown  for  filaments  from  ropes 
#10  and  #9  in  Figs.  3.61A  and  B  and  3.62A  and  B,  respectively. 

Longitudinal  Views  of  worn  Hope  Strands 

The  photomicrographs  provided  in  the  earlier  section  have 
focused  on  the  damage  to  and  the  appearance  of  individual  fila¬ 
ments.  While  each  filament  has  been  identified  as  to  its  rope 
source  and  its  position  within  the  rope,  it  is  difficult  to 
relate  the  single  fiber  damage  observed  to  that  of  surrounding 
fibers  and  yarns.  This  section  considers  the  overall  damage 
noted  in  specific  regions  of  a  few  selected  ropes.  To  assist  in 
evaluating  the  appearance  of  the  optical  photomicrographs  which 
follow,  it  is  useful  to  provide  a  cross  sectional  map  of  the 
typical  3-strand  rope. 

In  Fig.  3.63  several  positions  are  designated  in  the  rope 
cross  section,  one  at  the  exposed  surface  layer  of  the  strand 
”0"  and  four  in  the  center  of  the  rope.  Position  "0"  has  been 
identified  in  earlier  photomicrographs  and  in  Figs,  3.1  and  3.3. 
Position  "C"  is  at  the  very  rope  center,  while  positions  "A", 

"E"  and  "B"  define  the  zone  of  contact  between  two  strands.  As 
it  turns  out,  the  zone  AE  is  relatively  clean,  as  noted  in  Fig. 
3.3,  yet  it  is  frictionally  damaged.  The  filaments  shown  in 
Fig.  3.34  reflect  the  presence  of  such  "clean"  friction.  Zone 
EB  is  another  frictional  zone,  but  in  a  worn  rope,  it  is  usually 
contaminated  with  sand  and  dirt. 

Several  views  are  shown  of  ropes  4,  7  and  8  in  the  figures 
which  follow:  Fig.  3.64A  shows  4  strand  of  rope  7  at  position 
0,  i.e.  at  the  outermost  exposed  surface  of  the  strand; 

Fig.  3.64B  shows  a  similar  view  of  rope  4.  These  positions  are 
dirty,  even  though  it  is  not  apparent  in  the  photographs,  but 
abrasive  wear  is  in  evidence  resulting  in  considerable  fiber 
rupture . 

Figure  3.65A  shows  a  strand  of  rope  8  at  position  B. 

Note  this  region  is  not  in  contact  with  outside  surfaces  and  the 
damage  indicated  is  due  to  friction  between  the  strands.  Figure 
3.65B  shows  a  view  of  rope  7  straddling  the  position  B.  Its 
upper  right  quadrant  manifests  extensive  damage,  but  little 
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contamination;  the  lower  left  quadrant  indicates  considerable 
contamination.  Figure  3.65C  shows  rope  7  at  the  middle  of  zone 
EB.  Frictional  damage  and  contamination  prevail. 


At  position  E  the  strand  surface  converts  in  appearance 
from  a  frictionally  damaged/contaminated  zone  on  the  EB  side  to 
a  frictionally  damaged/uncontaminated  zone  on  the  EA  side.  This 
is  seen  in  Figs.  3.66A  (rope  8  relatively  new)  and  3.66B  (rope  7  ' 
relatively  old).  A  view  of  the  AE  section  is  shown  in  Fig.  3.67A 
for  rope  7.  Finally/  the  relatively  protected  position  C  is 
shown  in  Fig.  3.68A  for  rope  8  and  Fig.  3.68B  for  rope  7.  The 
effectiveness  of  protection  of  its  position  is  evident. 

Summary  of  Microscopic  Studies 

In  summary/  the  microscopic  studies  of  the  ten  worn  rope 
specimens  have  documented  the  various  types  of  degradation  which 
occur  during  marine  usage  of  synthetic  fiber  lines.  The  appear¬ 
ance  of  filaments  at  the  outermost  location  of  the  3-strand 
twisted  rope  varies  from  strand  to  strand,  sometimes  manifesting 
an  encrustation  and  coating  or  surface  attack.  Etching  of  some 
fibers  leading  to  a  porous  spongy  structure  is  seen.  Surface 
gouging,  abrasion,  and/or  filament  crushing  is  frequently  in 
evidence.  In  many  cases,  photomicrographs  are  accompanied  by 
filament  load-elongation  curves,  to  permit  a  subjective  correla¬ 
tion  between  the  extent  of  filament-surface  encrustation  or 
other  non-mechanical  filament  modifications  and  stress/strain 
behavior.  Fractography  studies  show  a  marked  conversion  in 
surface-exposed  filaments  from  the  scallop-shaped  crack-spreading 
failure  of  a  new  synthetic  fiber  to  the  cup  and  cone,  sheath/core, 
longitudinal  splitting  and  occasional  brittle  failure  charac¬ 
teristic  of  chemically  or  photochemically  degraded  fibers. 

It  has  also  been  demonstrated  that  filaments  in  relatively 
protected  sections  of  the  rope  can  undergo  significant  mechanical 
damage  through  friction  and  filament-filament  abrasion.  Depending 
on  the  location  in  the  rope  cross-section,  this  type  of  mechanical 
attrition  can  take  place  in  some  cases  with  little  accompanying 
contamination.  In  other  cases,  the  presence  of  sand,  grit  and, 
possibly,  salt  deposits  adds  to  the  intensity  of  mechanical 
attack . 

Finally,  it  is  seen  that  internal  pressures  within  the 
rope  center,  i.e.  between  strands,  can  be  so  intense  as  to  cause 
"welding"  of  parallel  filaments  adding  locally  to  the  bending 
rigidity  of  the  rope  and  focusing  frictional  damage  to  fibers  at 
the  boundaries  of  the  "welded"  zones.  Such  pressures  often 
result  in  lateral  filament  compression  and  in  locations  where 
filaments  are  not  parallel,  to  embossing  of  undivided  fibers. 

Such  compress ion/embos sing  is  sometimes  accompanied  by  the 
opening  of  surface  cracks  in  the  filament  and,  in  extreme  cases, 
to  significant  reductions  in  filament  strength. 


Summary/Conclusions 


The  goal  of  the  first  year  of  pathological  study  of  rope 
failure  has  been  reached  to  a  reasonable  extent.  Considerable 
data  have  been  obtained  of  distributions  of  local  damage  of 
varying  types  throughout  the  structure  of  3-strand  synthetic 
fiber  twisted  ropes.  It  has  been  determined  that  filaments 
located  in  the  outer  rope  surface  are,  as  expected,  most 
vulnerable  to  chemical/photochemical  attack,  to  surface 
encrustation,  to  abrasion,  gouging,  and  crushing. 

Filaments  located  on  the  outer  surface  of  each  strand  may 
be  degraded  by  a  number  of  mechanisms,  depending  on  their 
position  in  the  total  rope  structure.  Those  appearing  at  the 
outer  rope  surface  are,  of  course,  the  most  vulnerable,  as  in¬ 
dicated,  but  other  filaments  on  the  strand  surface,  i.e.  those 
at  inner  rope  positions  also  undergo  marked  deterioration 
during  rope  use.  This  is  not  likely  to  have  a  photochemical 
element,  but  it  has  a  variety  of  mechanical  manifestations, 
including  wear  and  frictional  attrition  due  to  relative  motions 
between  strands,  compression  and  flattening  and  local  embossing. 
Some  such  inner  rope  zones  appear  to  suffer  minimum  damage,  in 
particular  at  the  very  center  of  the  rope.  Other  inner  rope 
zones,  particularly  at  the  position  of  maximum  compression 
between  strands,  receive  a  surprising  amount  of  mechanical 
abuse,  as  documented  in  th^s  section  of  the  report.  Depending 
on  its  specific  location  in  the  inter-strand  contact  zone,  a 
filament  may  be  subjected  to  compression  and  to  frictional  wear 
with  or  without  the  presence  of  abrasive  contaminants. 

The  effect  of  lateral  pressures  occurring  at  layers  below 
the  surface  of  each  strand  and  at  the  strand  oore  has  also  been 
studied.  Here  it  is  found  that  compression  and  relative  motion 
between  plied  yarns  of  the  same  strand  also  lead  to  mechanical 
attrition  cf  the  filaments,  sometimes  in  the  presence  of  abra¬ 
sive  contaminant,  depending  on  the  depth  of  the  layer  considered, 
but  often  without. 

The  changes  in  properties  of  the  synthetic  filaments  during 
marine  rope  use  (mostly  for  mooring  lines)  have  been  charted 
across  the  sections  of  ten  ropes  furnished  by  Navy  and  Coast 
Guard  staff.  Changes  along  yarn  lengths  have  also  been  measr 
ured  as  the  yarn  migrates  through  the  strand  and  the  rope 
structure.  The  goal  of  determining  these  distributions  is  to 
establish  the  mechanisms  of  rope  deterioration  and ‘also  to 
provide  a  realistic  foundation  for  modelling  the  rope  struc¬ 
ture  and  estimating  its  residual  life  under  conditions  of  high 
load  usage.  A  number  of  these  same  rope  specimens  have  been 
prepared  for  full  load  tensile  tests  at  the  Coast  Guard 
Research  Laboratories  in  Groton. 

There  is  some  evidence  presented  in  this  section  to  Indicate 
the  occurrence  of  fine  structural  changes  in  filaments  from  worn 
ropes.  This  is  not  unexpected,  but  considerably  more  patho¬ 
logical  work  is  essential  to  establish  such  changes  and  to 
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determine  their  effect  on  subsequent  constitutive  behavior  of 
the  filaments  involved. 

Future  Plans 


Further  pathological  work  on  3-strand  worn  ropes  is  not,  at 
this  time,  deemed  desirable  unless  unique  specimens  with  well 
defined  use  and  exposure  histories  become  available.  Absence 
of  definitive  information  on  use  history  is  a  distinct  drawback 
in  the  studies  conducted  to  date. 

The  double  braided  lines  which  are  in  widespread  use  in 
marine  applications  warrant  considerably  more  pathological 
study  in  the  coming  year.  For  there  ware  only  two  such  ropes 
in  the  current  lot,  one  of  nylon,  the  other  of  polyester. 

Effort  will  be  made  to  obtain  additional  double  braided  speci¬ 
mens  with  definitive  use  histories  and,  if  possible,  of  dif¬ 
ferent  fiber  compositions. 

In  the  absence  of  equally  aged,  but  unused  specimens  to 
serve  as  controls  for  the  various  analyses  here  reported, 
fi laments  extracted  from  the  relatively  protected  strand  cores 
have  been  employed  as  a  basis  of  comparisons.  ThiB  was  only 
rational  procedure  which  could  be  adopted  for  specimens  drawn 
from  such  a  variety  of  sources  and  ranging  in  age  from  2  to  15 
years.  It  is  anticipated  that  unused  aontrols  will  be  ob¬ 
tained  in  future  studies,  although  controlled  exposures  may 
have  to  be  conducted  in  order  to  achieve  this  goal. 

The  mechanical,  chemical  and  physical  techniques  described 
in  this  section  will  be  applied  in  further  studies  of  the 
pathology  of  rope  deterioration.  In  addition,  other  chemical 
techniques  described  in  Section  2  will  be  employed.  Greater 
emphasis  will  be  given  to  earlier  portions  of  the  stress-strain 
behavior  of  filaments  selected  from  worn  ropes.  Finally, 
effort  will  be  made  to  determine  the  residual  abrasion  life 
and/or  fatigue  life  of  yarns  or  fibers  from  worn  ropes  of 
known  histories. 
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TABLE  3.2a  Structural  Composition. 
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TABLE  3.3  Distribution  of  Plied  Yarn  in  Twisted  Strand 
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Normalized  Tensile  Data  for  3-Strand  Ropes 
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Table  3.6 

Summary  of  Fiber  Tensile  Results  (gf) 


3-Strand  9"  Ropes 


Sample 

Number 

Layer  1 
(surface) 

Layer  2 
(1st  sub) 

Layer  3 
(2nd  sub) 

Layer  4 
(3rd  sub) 

Core 

.  IE 

25.2+10.9 

51.1+4.6 

53.0+5.6 

— 

53.1+6.2 

mm 

2D 

31.8+10.8 

49.4+8.2 

mm 

— 

— 

50.1+3.8 

4E 

23.2+12.9 

— 

— 

— 

51.3+3.3 

6A 

29.7+10.6 

51.1+5.9 

— 

53.3+4.6 

51.9+5.0 

mm 

7D 

25.7+7.0 

32.4+12.7 

— 

52.0+7.1 

54.6+8.7 

8D 

50.4+6.5 

59.2+3.2 

57.2+10.6 

«•  m 

62.4+3.9 

3-Strand  6"  Ropes 

Layer  1 
(surface) 

Layer  2 

Layer  3 

Layer  4 
(core) 

9D 

18.6+12.1 

49.1+6.4 

— 

53.8+4.8 

10D 

42.8+20.0 

103.2+6.4 

— 

102.0+16.3 

Double- 

Braided  9" 

Ropes 

Sample 

Number 

Cover  Core 

Outside  Inside  Outside  Inside 

3E 

41.1+9.9 

47. 

7+7.8  53. 

7+3.4 

5E 

. 52 . 5+1 1.5  60. 

8+7.5  44. 

7+5.8  46, 

9+5.3 

TABLE  3.7  GPC  Data  for  Worn  Ropes;  M  (X1000) 
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TABLE  3.11  Melting  Temperatures  of  Rope  Fibers 


Rope  Number 

Teat  1 

Test  : 

1 

259  °C 

259  °C 

2 

254 

253 

257 

257 

3 

259 

259 

4 

222 

222 

215 

215 

5 

262 

262 

6 

259 

259 

7 

258 

258 

8 

254 

254 

258 

258 

9 

260 

260 

10 

259 

258 

11 

255 

255 

265 

265 

267 

TABLE  3.12  Tensile  Properties  of  Nylon  6,6  Monofilaments 

After  Creeo  Tests 


^0, 


After  Creep  in  Air,  at  40%  U.T. S. 


** 


Elong.  to  Break  u.T.S 

«b/(,)b  < 
orig 

Time 

U.T.S.* 

'  B(%) 

(hr  a) 

-U.be!  ... 

(%) 

(%) 

0 

21 

36 

100 

100 

S 

21 

33 

100 

92 

20 

21 

100 

--- 

25 

21 

30 

100 

83 

40 

21 

30 

100 

93 

Original  Properties  in  Water* 

40 

20.5 

78 

98 

217 

After 

Creep  in 

Water,  at  20%  U.T.S. * 

20 

13.3 

54 

90 

150 

45 

17.8 

36 

85 

156 

After  Creep  in 

Water,  at  40%  U.T.S.* 

20 

17.3 

51 

85 

142 

50 

17.2 

54 

82 

150 

m 
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4 .  NONDESTRUCTIVE  EVALUATION  (NDE)  OF  SYNTHETIC  ROPE 


INTRODUCTION 

Nondestructive  Evaluation  (NDE)  is  a  branch  of  applied  science 
that  is  concerned  with  all  aspects  of  the  uniformity,  quality  and 
serviceability  of  materials  and  structures.  By  definition,  non¬ 
destructive  techniques  involve  those  processes  by  which  materials 
and  structures  may  be  interrogated  without  damage  or  disruption  of 
their  use.  At  present,  there  are  no  standards  relating  to  the 
implementation  of  NDE  techniques  or  the  interpretation  of  NDE  results 
for  either  new  or  used  rope. 

The  purpose  of  this  phase  of  the  research  program  is  to  develop 
quantitative  NDE  techniques  for  assessing  the  structural  integrity 
and  the  safety  of  synthetic  rope  structures.  To  date,  the  primary 
emphasis  has  been  on  the  development  of  phenomenological  quantitative 
characterizations  via  ultrasonics  and  acoustic  emission. 

There  is  very  little  previous  work  on  the  nondestructive 
evaluation  of  synthetic  ropes.  A  literature  survey  is  provided  in 
(4.1). 


ULTRASONIC  CHARACTERIZATIONS 
Ultrasonic  Attenuation 

Ultrasonia  wave  propagation  in  a  medium  can  be  characterized  by 
the  wave  velocity  and  attenuation  characteristics.  The  attenuation 
property  describes  the  ultrasonic  wave  energy  dissipation  behavior 
of  the  medium  and  has  been  found  to  be  useful  for  the  NDE  of  fiber 
composites  (4.2-4.4  5 . 

An  experimental  technique  for  measuring  the  ultrasonic  attenuation 
is  to  transmit  a  tone  burst  (a  short  duration  sinusoidal  wave)  via 
an  ultrasonic  transducer  into  the  specimen  and  observe  the  decrease 
in  amplitude  of  the  propagating  ultrasonic  wave  as  detected  by  a 
receiving  ultrasonic  transducer.  A  schematic  of  the  ultrasonic 
attenuation  measuring  system  used  in  these  experiments  is  shown  in 
Figure  4.1.  The  system  consisted  of  a  pulsed  oscillator  (Arenberg 
Model  PG-652C)  for  generating  the  sinusoidal  waves;  a  low  frequency 
inductor  (Arenberg  Model  LFT-500);  broadband  (0.1  to  3.0  MHz) 
transmitting  and  receiving  transducers  (Acoustic  Emission  Technology 
(AET]  FC-500)  having  an  approximately  flat  sensitivity  of  -85  dB 
(re  1  V/yBar) ;  a  transducer-specimen  interface  couplant  (AET  SC-6) ; 
and  an  oscilloscope  (Textronix  Model  455) .  Two  step  attenuators 
were  also  used.  One  attenuator,  set  at  10  dB,  reduced  the  input 
signal  to  100  V  (peak-to-peak)  into  the  transmitting  transducer, 
while  a  second  attenuator,  set  at  20  dB,  reduced  the  100  V  signal 
to  10  V  at  the  oscilloscope  only.  The  signal  from  the  receiving 
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transducer  was  amplified  €0  dB  by  an  AET  Model  160B  preamplifier 
with  a  plug-in  band-pass  filter  (FL12X)  of  0.125  to  2  MHz  and 
further  amplified  an  additional  40  dB  by  an  AET  Model  201  before 
being  displayed  on  the  oscilloscope.  The  background  noise  level 
(after  amplification)  observed  on  the  oscilloscope  was  0.8V  peak- 
to-peak.  The  ultrasonic  transducers  were  clamped  onto  the  rope 
with  a  clamping  force  of  approximately  67  N  (15  lb) . 

An  unflawed  Samson  double-braided  2-in-l,  1/4"  nylon  rope  was 
held  at  different  levels  of  tension  in  an  Instrbn  tensile  testing 
machine.  The  output  signal  amplitudes  for  various  signal  frequencies 
and  rope  tensions ,  at  a  transducer  center-to-center  spacing  of 
3.8  cm  (1.5  in),  are  summarized  in  Table  4.1.  In  general,  the  out¬ 
put  signal  amplitude  decreases  with  increasing  frequency  and 
increases  with  increasing  tension.  Similar  data  have  been  obtained 
for  transducer  center-to-center  spacings  of  2,9  cm  (1-1/8  in)  and 
5.1  cm  (2  in).  In  general,  the  output  signal  amplitude  decreases 
with  increasing  transducers  center-to-center  spacing.  However,  the 
output  signal  is  greatly  distorted  and  it  is  difficult  to  estimate 
the  absolute  attenuation  of  the  rope  from  these  data. 


Stress'  Wave  Factor 

Another  ultrasonic  NDE  parameter  called  the  "stress  wave 
factor"  (SWF)  has  been  proposed  by  Vary  et  al.  (4.5,  4.6)  .  This 
NDE  parameter  has  been  used  successfully  by  Williams  and  Lampert  (4.3) 
in  the  characterization  of  impact  damaged  composites. 

The  stress  wave  factor  is  a  complicated  measure  of  the  ultra¬ 
sonic  energy  transmissibility  of  a  structure.  Basically,  a  large 
amplitude  stress  pulse  (which  may  be  repetitive)  is  introduced  into 
the  specimen  via  an  input  ultrasonic  transducer  which  is  usually  a 
broadband  type.  The  stress  pulse  propagates  through  the  speaimen 
and  is  detected  by  *  receiving  ultrasonic  transducer  which  is  usually 
a  resonant  type  located  on  the  same  surface  as  the  input  transducer. 
Tho  output  of  the  receiving  transducer  is  often  a  complicated 
enveloped  waveform  containing  various  numbers  of  oscillations  of  the 
resonant  frequency  of  the  receiving  transducer.  The  SWF  is  defined 
as  the  number  of  times  the  individual  oscillations  of  the  output 
signal  exceed  a  preset  threshold  voltage.  A  relatively  larger  SWF 
indicates  that  the  speaimen  has  relatively  lower  ultrasonic 
attenuation.  Generally,  flaws  in  a  structure  impede  the  ultrasonic 
wave  propagation  and  so  flawed  specimens  tend  to  have  a  comparatively 
lower  SWF.  A  major  advantage  of  the  SWF  technique  is  its  ease  of 
operation.  With  the  commercial  development  of  the  (Acoustic  Emission 
Technology)  AET  206  AU  SWF  unit,  a  self-contained  portable  instrument 
provides  a  direct  digital  readout  of  the  SWF. 

Flawed  and  unflawed  Samson  double-braided  2-in-l,  1/4"  nylon 
ropes  with  32  yarns  in  the  cover  and  16  yarns  in  the  core  were  tested. 


Specified  numbers  of  core  yarns  were  cut  at  the  same  location  in 
the  gage  section  to  produce  flawed  ropes.  Ropes  were  pulled  to 
failure  in  an  matron  tensile  testing  machine.  Stress  wave  factor 
(SWF)  measurements  were  obtained  using  an  AET  206  AU  unit  with  a 
Model  206  FIX  transducer  holder  as  shown  in  Figure  4.2.  The  input 
transducer  was  an  AET  FC-500  and  the  output  transducer  was  a 
resonant  AET  AC-375  with  a  peak  response  at  375  kHz  at  a  sensitivity 
of  -65  dB  (re  1  V/yBar) .  Both  transducers  were  provided  with  pre¬ 
mounted  waveguides.  A  transducer-specimen  interface  couplant 
(AET  SC-6)  was  used.  The  clamping  pressure  at  the  transducer 
(waveguide) -specimen  interface  was  1.0  MPa  (150  pal). 

For  the  flawed  and  unflawed  nylon  ropes,  the  SWF  was  measured 
using  a  150  V  amplitude  input  pulse,  a  65  dB  total  gain  for  the 
output  signal,  and  a  1  V  threshold  for  SWF  counting.  The  repetition 
of  the  input  pulse  was  set  at  1,000  pulses/second.  Because  the 
output  signals  due  to  the  individual  input  pulses  did  not  overlap, 
if  each  pulse  generated  5  SWF,  the  rate  of  SWF  was  5,000/sec.  The 
value  of  the  digital  readout  for  the  SWF  per  second  from  the  AET 
206  AU  unit  was  adjusted  to  reflect  this  nonoverlapping  of  output 
signals.  So,  from  now  on,  the  SWF  data  reported  are  actually  the 
SWF  per  second  due  to  1,000  pulses/second.  The  SWF  was  measured  at 
load  levels  of  2,220  N  (500  lb),.  4,450  N  (1,000  lb)  and  6,670  N 
(1,500  lb),  unless  the  rope  had  already  failed,  or  was  near  failure. 
The  flaw  was  loaated  at  mid-distance  between  the  two  transducers. 

The  stress  wave  factor  data  at  various  load  levels  and  the 
ultimate  rupture  load  for  the  flawed  and  unflawed  ropes  are  given 
in  Table  4.2.  SWF  measurements  have  been  made  on  the  aore-damagad 
samples  at  different  load  levels.  These  results  can  be  plotted 
versus  the  load  at  which  the  measurement  is  taken.  Figure  4.3  shows 
such  a  plot  whore  the  load  level  has  boon  normalized  with  respect 
to  the  ultimate  load  of  each  individual  rope  sample.  A  straight 
line  has  been  fitted  by  eye  to  the  data.  An  example  of  using  this 
correlation  in  Figure  4.3  is  illustrated  as  follows:  if  a  rope 
under  tension  produces  a  stress  wave  factor  of  8,000;  thus,  the 
rope  is  at  approximately  50%  of  its  ultimate  load,  independent  of 
core  damage . 


ACOUSTIC  EMISSION  CHARACTERIZATIONS 
Acoustic  Emission  Parameters 

When  a  rope  structure  is  loaded,  local  redistributions  of 
stress,  such  as  filament  rupture,  release  stress  waves  that  propagate 
to  the  surface  of  the  rope  where  they  may  be  detected  by  a  surface- 
mounted  ultrasonic  transducer.  The  electrical  output  signal  from 
such  a  transducer  is  called  acoustic  emission  (AE) .  In  analyzing 


the  acoustic  emission  signals,  there  are  various  parameters  that 
are  commonly  used.  These  parameters  are  shown  in  Figure  4.4. 
Essentially,  what  is  shown  is  one  event.  This  event  begins  when 
the  signal  first  crosses  the  threshold.  The  event  ends  when  the 
signal  falls  back  below  the  threshold  for  a  specified  time.  The 
length  of  the  event  is  called  the  AE  event  duration.  Each  individual 
cycle  of  an  event  that  crosses  the  threshold  is  called  a  ringdown 
count.  The  two  parameters  of  AE  event  count  and  AE  ringdown 
count  are  most  commonly  used.  The  AS  peak  amplitude  is  the  highest 
amplitude  the  signal  reaches.  Generally,  the  AE  peak  amplitude  is 
expressed  in  decibels  (dB) .  As  indicated  by.  Figure  4.4,  the  rise 
time  is  the  elapsed  time  betweSn  the  initial  threshold  crossing  and 
the  peak  amplitude,  while  the  AE  slope  is  equal  to  the  AE  peak 
amplitude  divided  by  the  AE  rise  time,  in  units  of  dB/seo. 

Computer-Based  Acoustic  Emission  System  (CAES) 

The  computer-based  AE  system  (CAES)  accepts,  conditions, 
analyzes  and  stores  processed  acoustic  emission  (AE)  data  from  up 
to  four  channels  of  AE  signals  simultaneously.  However,  only  two 
channels  are  utilized  in  these  teats.  Graphic  data  displays  are 
provided  in  real  time  as  well  as  after  the  completion  of  the  test 
(that  is,  in  a  post-processing  mode). 

The  CAES  is  based  on  a  16-bit  L814/10  microcomputer  that 
resides  within  a  bench-top  mainframe  of  approximately  71  cm  x 
46  cm  x  28  cm  (28  in  x  18  in  x  11  in) .  Within  the  mainframe  there 
are  a  time  clock,  an  input-output  interface,  36k  words  of  memory 
for  data  and  display,  16k  words  of  memory  for  program  storage, 
and  various  plug-in  modules  for  AE  date  processing. 

Each  AE  sensor  output  is  preamplified  60  dB  and  frequency  ‘ 
filtered  before  it  is  fed  into  the  CAES.  The  CAES  provides  each 
channel  with  an  adjustable  postamplification  of  up  to  an  additional 
40  dB.  For  a  preselected  signal  threshold  level,  each  AE  event  is 
classified  according  to  ringdown  counts,  peak  amplitude,  event 
duration,  rise  time  and  slope.  Further,  with  its  multichannel 
capability,  the  CAES  evaluates  the  spatial  lobation  of  the  AE 
source  (linear  location  for  a  two-channel  system) . 

A  vital  feature  of  the  CAES  is  its  capability  of  signal  and/ 
or  noise  discrimination.  The  CAES  can  be  set  to  accept  data  only 
from  preselected  spatial  regions,  as  well  as  from  preselected 
ranges  of  ringdown  counts  par  event,  peak  amplitude,  event 
duration,  rise  time,  slope,  and  external  analog  signal  level. 

Data  can  be  processed  and  displayed  in  a  large  variety  of 
formats.  The  rate  of  events,  rate  of  ringdown  counts,  rate  of  ..., 
cumulative  events,  cumulative  ringdown  counts,  cumulative..., 
mean  ringdown  counts  per  event,  mean  peak  amplitude  per  event, 
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mean...,  etc.,  can  be  displayed  versus  time  or  an  external  analog 
parameter.  The  distribution  (and  cumulative  distribution)  of 
•vents  by  spatial  location,  ringdown  counts...,  etc.,  can  also  be 
displayed.  All  displays  are  automatically  presented  fully-scaled 
and  the  linear  or  logarithmic  scale  can  be  selected  at  will.  Any 
display  can  be  requested  in  real  time  or  after  the  completion  of 
the  test,  provided  memory  space  has  been  allocated  for  that  display 
prior  to  the  initiation  of  the  test. 

Communications  with  the  computer  are  accomplished  through  a 
separate  graphic  display  terminal.  Simple  keyboard  commands  control 
the  CABS.  Test  parameters  such  as  the  threshold  level  are  set 
through  the  keyboard.  Data  displays  are  presented  on  a  30.5  cm 
(12  in)  (diagonally-measured)  screen  of  the  graphic  display 
terminal.  All  displays  can  be  further  annotated  (say,  with  rope 
manufacturer,  material  or  geometric  information)  by  the  user  before 
the  hard  copy  is  obtained  from  the  separate  hard  copy  unit.  The 
hard  copy  unit  is  a  video  printer  that  prints  on  a  12.5  cm  (5  in) 
wide  electrosensitive  paper  roll. 

The  CAES  is  a  fully  functional  computer-based  system  that 
represents  the  state-of-the-art  of  AB  test  instrumentation. 


Experimental  Procedures 

Two  transducers  (AET  AC-375  LM)  with  resonant  frequencies  at 
375  kHz  at  a  sensitivity  of  -60  dB  (re  lV/uBar)  were  attached  to 
the  gage  section  of  Samson  2-in-l,  1/4"  nylon  rope  specimens  at 
a  separation  of  7.6  cm  (3.0  in)  at  the  low  load  of  approximately 
220  N  (50  lb) .  An  interface  couplant  (AET  SC-6)  was  used.  Clamps 
provided  a  clamping  forae  of  more  than  67  N  (15  lb)  at  the 
transducer-specimen  interface.  The  transducers  were  protected  from 
damage  due  to  rope  snapback  by  sponge  covers.  After  a  pre- 
amplification  of  60  dB,  the  output  from  each  transducer  was  post- 
amplified  either  an  additional  34  dB  or  40  dB  producing  a  total 
system  (post-transducer)  gain  of  94  dB  or  100  dB.  The  AE  threshold 
level  was  fixed  at  1.0  V  after  total  amplification.  Peak  amplitude 
results  were  obtained  from  AE  signals  directly  after  preamplification 
:<and  before  postamplification)  and  the  dB  level  was  computed  such 
that  a  10  V  signal,  corresponded  to  64  dB.  No  special  AE  signal 
discrimination  was  used  in  this  study  other  than  discrimination 
by  AE  source  location.  Based  upon  calibration  measurements  using 
the  CAES  and  the  pulser  of  the  AET  206  AU  unit  on  unflawed  rope  - 
at  a  6670  N  (1500  lb)  load,  the  wave  speed  was  taken  to  be  2.97  x  10 
cm/sec  (117,000  in/seo). 

The  rope  specimens  were  pulled  to  failure  in  an  Instron  tensile 
machine  using  10.2  cm  (4  in)  diameter  capstan  jaws  at  a  constant 
crosshead  speed  of  0.085  cm/sec  (2.0  in/min) .  Various  AE  data 
displays  were  recorded  during  and  after  each  test. 


4.5 


Samson  double-braided  2-in-l,  1/4"  nylon  ropes  with  32  yarns 
in  the  cover  and  16  yarns  in  the  core  were  tested.  Specified  numbers 
of  yarns  from  the  core  were  cut  at  the  same  location  at  the  gage 
section  of  the  rope.  A  total  AE  system  gain  of  94  dB  was  used. 


Figure  4.5  shows  a  typical  cumulative  AS  ringdown  count  versus 
time  record  obtained  from  a  rope  with  ten  (10)  out  core  yarns.  The 
rope  ruptured  at  6230  N  (1400  lb)  at  the  section  containing  the 
cut  yarns.  A  plot  similar  to  Figure  4.5  can  be  obtained  for  the 
cumulative  AS  event  count  versus  time.  Both  the  cumulative  AE 
ringdown  ard  event  counts  curves  rise  rapidly  as  the  core  rupture 
load  is  approached  and  both  curves  rise  rapidly  as  the  cover  rupture 
load  is  approached. 

I 

It  can  be  seen  that  when  a  specimen  is  loaded  gradually  from 
zero  load,  AE  will  begin  to  be  detected  at  a  particular  time  which 
corresponds  to  a  particular  load.  The  corresponding  load  level  is 
defined  by  the  authors  as  the  "AE  load  delay" .  Because  of  potential 
noise  problems  and  the  intrinsic  threshold  limitations  of  the  AE 
test  system,  a  convenient  and  practical  level  of  AE  activity  is 
defined  to  be  the  load  delay.  Specifically,  the  load  delay  is  defined 
as  the  load  required  to  produce  a  specified  low  level  of  cumulative 
AE  event  or  ringdown  counts.  Thus,  the  AE  load  delays  based  on  the 
cumulative  AE  event  and  ringdown  counts  from  the  same  specimen  may 
be  different,  depending  on  the  specified  levels  set  for  the  cumulative 
AE  event  and  ringdown  counts,  respectively. 

For  the  ropes  tested,  the  specified  levels  for  the  cumulative, 

AE  event  and  ringdown  counts  are  (tentatively)  set  at  2  and  75, 
respectively.  The  AE  load  delays  for  the  flawed  ropes  obtained 
according  .to  these  criteria  and  the  corresponding  ultimate  rupture 
loads  are  presented  in  Table  4.3.  The  AE  load  delay  based  on  the 
cumulative  AE  ringdown  counts  is  plotted  versus  ultimate  rupture 
load  in  Figure  4.6.  Straight  lines  have  been  fitted  by  eye  to 
the  data.  A  similar  correlation  can  bo  obtained  for  the  AE  load 
delay  based  on  the  cumulative  AE  event  counts.  A  potential 
application  of  the  data  in  Figure  4.6  is  the  interrogation  of 
ropes  for  core  damage.  For  example,  if  a  rope  that  is  suspected  of 
core  damage  is  loaded  to  4000  N  and  the  AE  ringdown  counts  load 
delay  is  not  reached,  then  the  rope  can  be  predicted  to  support, 
at  least,  8000  N. 


Knotted  Ropes 


Various  types  of  knots  were  introduced  into  Samson  double- 
braided  2-in-l,  1/4"  nylon  ropes.  The  knotted  ropes  were  pulled 
to  failure  in  an  Instron  tensile  testing  machine.  Acoustic 
emission  (AE)  testing  were  conducted  on  each  knotted  rope  with  a 


total  AE  system  gain  of  100  dB. 


Two  classes  of  knots  were  tested,  namely,  a  knot  in  a  single 
rope  and  a  knot  for  tying  two  ropes  together.  Various  types  of 
knots  in  a  single  rope  and  knots  for  tying  two  ropes  together  are 
shown  in  Pigures  4.7  and  4.8,  respectively  (4.7). 

For  the  knotted  ropes  tested,,  the  specified  levels  in  defining 
the  AE'  load  delay  based  on  the  cumulative  AE  event  and  ringdown 
counts  are  (tentatively)  set  at  2  and  25,  respectively.  The  AE 
load  delays  for  the  knotted  ropes  obtained  according  to  these 
criteria  and  the  corresponding  ultimate  loads  are  presented  in 
Table  4.3.  Based  on  the  previously  measured  unflawed  new  rope 
ultimate  strength  of  10,000  N  (2250  lb),  a  knot  efficiency  can  be 
calculated  and  is  also' shown  in  Table  4.4.  Also,  the  industry's 
(4.7)  suggested  knot  efficiency  is  given  in  Table  4.4. 

The  AE  load  delay  based  on  the  cumulative  AE  ringdown  aounts 
is  plotted  versus  ultimate  load  in  Figure  4.9.  A  straight  line 
h*s  bean  fitted  by  eye  to  the  data.  A  similar  correlation  can  be 
obtained  for  the  AE  load  delay  baaed  on  the  cumulative  AE  event. 


CONCLUSIONS 

Preliminary  nondestructive  evaluation  (NDE)  has  been  conducted 
on  synthetic  ropes.  The  NOE  techniques  so  far  considered  include 
ultrasonics  and  acoustic  emission  (AE) .  The  NDE  testing  so  far 
has  been  conducted  on  Samson  double-braided  2-in-l,  1/4"  nylon  rope. 

In  ultrasonic  attenuation  testing  with  a  transducer  arrange¬ 
ment  as  shown  in  Figure  4.1,  it  has  been  found  that  the  output 
signal  amplitude  decreases  with  increasing  frequency  and  increases 
with  increasing  rope  tension  in  an  unflawed  rope.  In  stress  wave 
factor  testing,  a  correlation  has  been  found  between  the  SWF  and 
the  SWF  measurement  load  level  normalized  with  respect  to  the 
ultimate  load  of  each  Individual  rope  sample  with  cut  core  yarns. 

In  AE  testing,  an  "AE  load  delay"  has  been  defined  corresponding 
to  the  load  level  required  to  produce  a  specified  low  level  of  AE 
activity.  It  has  been  observed  that  the  AE  load  delay  can  be 
correlated  with  the  ultimate  rupture  load  of  a  rope  with  cut  core 
yarns  and  also  of  knotted  ropes. 


FUTURE  PLANS 


Based  on  the  results  of  this  preliminary  study,  further 
investigations  into  the  AE  load  delay  parameter  will  be  pursued. 
Because  AE  signals  are  complex  in  nature,  any  progress  towards 
maximizing  the  amount  of  information  obtained  from  AE  testing 


relies  on  the  understanding  of  the  AE  signal  in  greater  detail. 
Also r  the  stress  wave  factor  effort  will  be  continued.  The  NDE 
testing  so  far  has  been  conducted  on  Samson  double-braided  2-in-l, 
1/4"  nylon  rope.  Future  tests  will  include  ropes  of  different 
sizes.  Future  tests  will  also  include  flaw  configurations  in 
addition  to  cut  core  yarns  and  knots. 
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TA3L2 '4.1 


Output  Signal  Amplitude  Data  for  Various 
Signal  Frequencies  and  Rope  Tensions  at  a 
Transducer  Centar-to-Center  Spacing  of 
3  ,8  cm  (1.5  in)  . 


Rope 

'Tension 

1  (N) 

Output  Signal  Amplitude  (V  peak-to-ceak) 
at  Frequency 

0.2  MHz 

0.3  MHZ 

0,4  MHz 

0.5  MHz 

0.6  MHz 

0.7  MHz 

.2220 

2.4 

2.0 

1.6 

1.2 

1.0 

mm 

£450 

3.2 

4.0 

1.4 

1.0 

- 

- 

6670 

6.7 

15.0 

1.4  ■ 

2.5 

1.2 

1.0 

*  Unflawed  Samson  double-braided  2-in-l,  1/4"  nylon  rope. 
-  Less  than  1.0  V  peak-to-peak, 
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TABLE  4.2  Suaaary  of  Strength  and  Stress  Wavs  Factor  Data 

for  Season  Double-Braided  2-in-l,  0.635  cm  (1/4  in) 
Nylon  Ropes. 


TABLE  4.3 


Summary  of  Strength  and  Acoustic 
Emission  Data  for  Samson  Double- 
Braided  2-in-l,  1/4"  Nylon  Ropes. 


Number  of  Yams 

Ultimate 

AE  Load  Delay  (N) 

Cut  in  Core 

Rupture  Load  (N) 

• 

Based  on 
Cumulative 

AE  Event 
Counts 

Based  on 
Cumulative 

AE  Ringdown 
Counts 

0* 

8230 

4230 

4670 

7 

6670 

3340 

3340 

8 

3780 

2000 

2000 

10 

6230 

1780 

1730 

12 

6230 

2670 

•  2670 

14 

7780 

3560 

4000 

16 

6000 

2220 

2390 

. 

*  °  \%  core  was  pulled  out  and  then  replaced  without  cutting 
a...y  yarn. 
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TABLE  4.4  Summary  of  Strength,  Acoustic  Emission  and  Knot  Efficiency 
Data  for  Knotted  Sanson  Double-Braided  2-in— 1,  1/4"  Nylon 
Ropes . 


5.  FATIGUE  LOADING  AND  ENVIRONMENTAL  EFFECTS 


INTRODUCTION 

Marine  ropes  experience  a  complex  history  of  static  and  cyclic 
loading  (5.1)  and  environmental  exposure.  Some  aspects  of  this 
history  apparently  combine  to  sufficiently  weaken  some  ropes  so 
that  unexpected  failures  occur.  This  part  of  the  project  is  con¬ 
cerned  with  determining  the  possible  role  played  in  the  weakening 
process  by  static  and  cyclic  fatigue  loading  in  air  and  salt 
water  environments.  An  understanding  of  the  mechanisms  by  which 
these  factors  degrade  ropes  requires  a  thorough  characterization 
of  their  effects  at  the  more  basic  structural  levels  of  fibers 
and  yarns ,  as  well  as  small  ropes .  Thus ,  the  experimental  pro¬ 
gram  includes  characterization  at  each  level  of  structure  of  the 
fatigue  lifetime  over  a  broad  range  of  static  and  cyclic  loads  in 
air  and  salt  water  environments i  changes  in  the  stress-strain 
curves  and  residual  strength  and  elongation  will  also  be  determined 
at  various  fractions  of  the  lifetime.  The  mechanisms  of  degrada¬ 
tion  will  be  studied  microscopically  and  models  will  be  developed 
for  each  case.  These  will  be  integrated  with  the  other  parts  of 
the  rope  project  to  establish  a  more  general  understanding  of  the 
effects  of  fatigue  loading  and  environmental  factors  on  rope  reli¬ 
ability. 

The  fatigue  loading  of  polymers  haB  received  considerable  at¬ 
tention  in  soma  areas  such  as  fatigue  crack  growth  (5.2),  but  ex¬ 
perience  with  polymers  is  much  less  extensive  than  with  metals. 

In  inert  environments,  ductile  polymers  commonly  fail  by  two  dis¬ 
tinct  modes  depending  upon  loading  conditions.  In  a  cyclic  creep 
mode,  failure  is  dominated  by  time  under  load,  and  in  some  cases 
occurs  more  rapidly  with  a  constant  load  than  with  a  cyclic  load 
which  allows  some  relaxation  during  the  unloading  parts  of  the 
cycle  (5.3,  5.4).  The  other  failure  mode  is  associated  with  fa¬ 
tigue  crack  initiation  and  propagation,  and  occurs  much  more  rapid¬ 
ly  with  cyclic  loads  (5. 2, 5. 4),  although  very  slow  crack  growth 
can  also  occur  at  low  static  loads,  sometimes  termed  creep  crack¬ 
ing  (5.5), 

Environmental  effects  (excluding  ultraviolet  degradation)  gen¬ 
erally  depend  upon  the  mode  of  failure  involved.  Environmental 
agents  may  plasticize  the  material,  as  with  water  in  nylon,  so  that 
molecular  motion  and  resulting  deformation  occur  more  readily. 

In  nylon  the  effects  of  moisture  are  associated  with  the  inter¬ 
ruption  of  hydrogen  bonding  between  nylon  molecules  (5.6).  More 
severe  effects  may  occur  with  specific  chemical  agents,  as  with 
the  effects  of  certain  metal  salts  on  nylon  (5.7-5.10)  which  in¬ 
teract  with  moisture  and  hydrogen  bonding.  If  the  polymer  fails  in 
a  cyclic  creep  mode,  then  plasticization' decreases  the  time  to 
failure  at  a  given  static  or  cyclic  stress  as  it  also  decreases  the 
yield  stress  (5.6).  The  elastic  modulus  may  also  decrease  under 


these  conditions.  Fatigue  crack  generated  failures  may  have  a 
more  complex  response  to  environmental  agents.  Nylon  66  is  re¬ 
ported  (5.2)  to  show  a  minimum  crack  growth  rate  around  2%  moisture, 
apparently  due  to  embrittlement  below  this  value  and  excessive 
softening  above  it.  A  phenomenon  called  environmental  stress 
cracking  (5.11)  occurs  when  polymers,  frequently  ductile  under 
normal  conditions,  fail  by  brittle  cracking  in  the  presence  of 
long  term  low  tensile  stresses  and  specific  environmental  agents. 
Examples  of  this  are  metal  salt  solutions  with  nylon  (5.7-5.10) 
and  detergents  with  polyethylene  (5.11). 

The  foregoing  fatigue  and  environmental  effects  relate  to 
bulk  polymers.  The  fibers  from  which  ropes  are  constructed  behave 
very  differently  from  bulk  forms  of  the  same  materials.  The 
strength  of  nylon  66  fibers  is  typically  more  than  ten  times  higher 
than  the  yield  strength  of  the  bulk  polymer,  and  the  elastic  mod¬ 
ulus  is  several  times  higher.  These  differences  reflect  the  or¬ 
iented  molecules  and  microfibers  in  the  drawn  fiber  structure  (5.6, 
5.12)  which  give  much  higher  mechanical  properties  along  the  fiber 
axis.  It  is  doubtful  that  the  fatigue  and  environmental  effects 
observed  for  bulk  polymers  apply  directly  to  their  fibers  due  to 
the  great  difference  in  structure  and  resulting  deformation  mech¬ 
anisms.  Furthermore,  ropes  are  constructed  from  many  fibers  ar¬ 
ranged  in  substructures  as  discussed  in  other  sections  of  this 
report.  Many  fatigue  effects  may  be  expected  from  interactions 
between  fibers  and  larger  scale  structures  within  the  rope. 

A  number  of  studies  have  been  made  of  the  fatigue  of  nylon 
and  other  fibers  using  several  techniques  (see  for  example  kef. 
5.13-5.18).  While  various  degrees  of  fatigue  resistance  are  re¬ 
ported,  it  is  clear  from  the  more  standard' tests  (5.13,5.14)  that 
nylon  fibers  lose  a  substantial  amount  of  their  strength  when  sub¬ 
jected  to  cyclic  loading,  apparently  losing  on  the  order  of  half 
of  the  initial  strength  after  10®  to  10 6  cycles.  Failure  modes 
in  fibers  are  reported  to  shift  from  a  transverse  crack  in  a  sim¬ 
ple  strength  test  to  axial  splitting  in  fatigue  (5.16).  It  is  also 
reported  (5.16)  that  the  fiber  must  become  slack  on  each  cycle 
for  significant  fatigue  degradation  to  occur.  The  very  limited 
data  available  on  the  effects  of  the  environment  on  the  fatigue 
behavior  indicates  some  loss  in  lifetime  associated  with  water  im¬ 
mersion  in  a  complex  test  involving  rotation  over  a  pin  (5.17). 

Several  studies  have  also  been  reported  on  synthetic  fiber 
ropes  varying  in  size  from  1/2  inch  to  8  inch  diameter.  The  most 
extensive  data  are  reported  by  Bidding  (5.19)  for  1/2  inch  dia¬ 
meter  8-strand  plaited  nylon  rope  tested  in  sea  water.  These  re¬ 
sults  indicate  a  more  severe  degrataion  of  ropes  in  fatigue  than 
that  usually  reported  for  single  fibers.  Other  tests  reviewed 
by  Paul  (5.20)  show  changes  in  the  stress-strain  behavior  of 
fatigued  ropes  which  diminish  their  subsequent  energy  absorbing 
ability. 


The  available  literature  indicate  that  fatigue  loading  is 
probably  an  important  factor  in  degrading  the  properties  of  fibers 
and  ropes.  The  importance  of  sea  water  in  this  process  is  un¬ 
certain,  but  general  experience  with  the  environmental  stress 
cracking  of  polymers  and  the  specific  effects  of  moisture  and  some 
metallic  salts  on  nylon  suggest  that  this  subject  deserves  care¬ 
ful  consideration.  Environmental  and  fatigue  effects  on  ropes 
cannot  be  understood  without  study  of  their  effects  on  single 
fibers.  However,  consideration  must  also  be  given  to  the  compli¬ 
cations  which  may  arise  due  to  the  rope  structure  and  interactions 
between  fibers.  Some  effects  may  ocour-enly  in  association  with 
fiber-fiber  contact  and  shifts  in  the  geometry  of  the  rope  struc¬ 
ture.  In  an  effort  to  include  these  interactions,  the  study  in¬ 
volves  yarns  as  well  as  single  fibers,  and  will  later  include 
small  ropes.  The  work  has  been  limited  to  nylon  66  based  materials. 


EXPERIMENTAL  PROCEDURES  - 

Gripping  Methods 

Correct  gripping  is  particularly  important  for  valid ‘fatigue ' 
results .  Considerable  time  was  devoted  to  correct  gripping  in  the 
early  phases  of  the  project  .and  it  continues  to  be  a  concern.  For 
valid  testing, breakage  should  occur  within  the  specimen  gage  length, 
rather  than  at  the  grips  (under  conditions  of  unknown  stress  con¬ 
centration)  ,  A  tabbing  method  is  used  for  testing  of  nylon  yarns 
arid  single  fibers;  tabs  differ  for  wet  and  dry  conditions,  but  are 
generally  similar  to  Figure  5.1.  Cardboard  tabs  and  Eastman  910  ad¬ 
hesive  are  preferred  for  dry  testing  as  no  visible  slippage  occurs. 
The  flexible  silicone  sealant  is  used  to  modulate  slight  misalign¬ 
ment  errors  and  stress  transfer  at  the  tab  end,  as  well  as  to  protect 
the  sample  from  abrasion.  With  this  system,  grip  breaks  occur  in 
less  than  20%  of  the  specimens.  The  tab  for  Wet  testing  is  con¬ 
structed  of  PVC,  sanded  and  acetone  cleaned  prior  to  fiber  bonding. 
Thinning  of  the  rigid  PVC  tab  edges  is  also  necessary  for  more  grad¬ 
ual  stress  transfer.  Epon  828/TETA  is  used  as  the  adhesive. 


Fatigue  Testing 

Fatigue  testing  is  conducted  on  an  Instron  Model  1331  servo- 
hydraulic  maahine.  Tests  may  be  run  in  load,  stroke  or  strain  con¬ 
trol  in  a  variety  of  functions  (eg.  sine,  haversine,  ramp) .  Most 
testa  were  conducted  in  the  load  control  mode,  using  a  sine  wave 
function. 

Ultimate  tensile  load  was  evaluated  using  a  single  ramp  test 
to  failure  with  a  loading  rate  equivalent  to  the  loading  portion  of 
the  fatigue  cycle  (approximated  by  one-half  of  a  sine  wave) .  Sub¬ 
sequent  cycling  was  then  conducted  at  various  percentages  of  ul¬ 
timate  tensile  load.  The  specimens  were  cycled  between  limits  of 
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the  given  maximum  load  and  one-tenth  of  this  value,  i.e.  the  stress 
ratio,  R  «  minimum  load/maximum  load,  was  set  equal  to  0.1.  A  mas¬ 
ter  cycle  of  1  Hz  was  used  for  most  testing.  Master  cycle  is  used 
here  to  refer  to  the  frequency  which  would  be  obtained  in  theoreti¬ 
cal  cycling  at  100%  of  ultimate  tensile  strength.  Actual  test  fre¬ 
quency  at  each  percentage  of  ultimate  tensile  load  was  then  adjus¬ 
ted  upward  to  maintain  a  constant  loading  rate.  Test  frequency  was 
kept  as  close  as  possible  to  this  level,  except  in  the  case  of 
single  fiber  or  sea  water  testing,  where  maahine  resonances  required 
slightly  lower  values. 

For  single  fiber  fatigue  testing  a  specially  designed  support 
frame  was  constructed  to  minimize  vibrations  transmitted  from 
the  hydraulics.  The  support  is  a  free-standing  steel  W-beam  con¬ 
struction  on  pneumatic  shock  absorbers.  A  2000-gram  load  cell  sus¬ 
pended  from  this  frame  registers  approximately  1.5  gram  noise  on 
the  lowest  possible  calibration. 

Computer  assisted  data  acquisition  uses  a  Digital  Mine  mini¬ 
computer  and  the  1331  Instron,  A  program  which  deteats  maximum 
and  minimum  load,  maximum  and  minimum  displacement,  and  energy 
at  designated  cycle  intervals  has  been  developed;  the  program  is 
useful  for  detailed,  sample  monitoring  and  subsequent  ease  of  data 
manipulation. 
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Sea  Water  Testing  us 

ASTM  standard  formulation  D1141  was  used  for  sea  water  compo¬ 
sition.  A  specially  designed  plexiglas  chamber  and  grips  for  sea 
water  fatigue  are  shown  in  Figure  5,2.  The  chamber  is  mounted  with  h 
the  fixed  grip  positioned  on  the  Instron  piston  and  the  freely  tra-  ° 
veiling  rod  attached  to  the  load  cell  suspended  from  a  separate  sup¬ 
port  stand.  During  cycling  the  entire  chamber  moves  up  and  down  B 

on  the  piston,  around  the  rod.  This  configuration  is  necessary  when  k 
using  sensitive  load  cells  which  cannot  support  the  weight  of  the 
5  chamber.  For  smooth  operation,  careful  adjustment  of  the  gain  is  ^ 

required,  and  the  upper  grip  must  remain  above  water  to  avoid  con- 
trol  problems  from  hydrodynamic  effects. 

n 

RESULTS  AND  DISCUSSION  ‘ ■ 


S-N  Data  U 

Fatigue  S-N  curves  (maximum  stress  vs.  log  cycles  to  fail)  have  £•;: 
been  obtained  for  DuPont  707  nylon  66  yarns  and  fibers  extracted  $ 

from  them.  The  1260  denier  yarns  (210  fibers)  are  lightly  inter¬ 
laced  at  intervals  of  several  inches,  so  that  an  interlace  point  ..normal-  *.< 
ly  occurs  somewhere  in  the  gage  section  of  yarn  specimens.  The  S-N  jj 
data  are  presented  as  normalized  plots  where  the  maximum  load  is 
divided  by  the  single  cycle  ultimate  tensile  load  for  the  conditions 
of  that  particular  data  set.  Table  5.1  gives  values  of  ultimate 
tensile  load  and  strain  at  failure  for  the  conditions  tested;  these 
can  be  used  to  determine  absolute  load  values  for  the  S-N  data  if 
desired.  LI 
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Pigure  5.3  gives  the  baseline  S-N  fatigue  data  for  single 
fibers  and  yarns  in  laboratory  air.  The  solid  lines  are  least- 
squares  fits  to  the  data.  The  S-N  curve  for  the  yarns  is  rela¬ 
tively  steep  compared  with  the  single  fiber  data  after  a  pla¬ 
teau  where  the  yarns  show  no  apparent  loss  in  strength  for  the 
first  1-2  decades  of  cycles.  This  plateau  appears  to  result  from 
structural  effects  related  to  straightening  of  the  fibers  in  the 
yam,  as  will  be  discussed  later.  The"  yarns  can  only  carry  40% 
of  their  initial  strength  out  to  105  or  106  cycles;  it  is  not 
yet  clear  whether  any  fatigue  limit  is  reached  at  loads  below  40%. 
These  S-N  curves  are  generally  comparable  to  those  given  in  Refs. 
(5.13)  and  (5.14),  and  appear  to  be  approximately  linear  on  the 
semilog  plots. 

The  effect  of  short  term  exposure  to  sea  water  on  the  S-N 
curve  of  single  fibers  is  indicated  in  Figure  5.4.  The  sea  water 
tests  were  conducted  on  specimens  immersed  for  only  five  minutes 
before  testing,  as  well  as  during  the  tests.  Longer  exposure  times 
will  be  used  in  future  work.  The  results  in  Figure  5.4  and  Table  1 
show  some  loss  in  initial  strength  and  fatigue  lifetime  for  fiber  spe¬ 
cimens  exposed  to  sea  water.  Figure  5,5  gives  the  corresponding 
results  for  yarn  tests.  The  wet  yarns  do  not  show  the  high  stress 
plateau  of  the  dry  yarns,  but  the  data  converge  at  lower  stresses. 

The  wet  yarns  fail  up  to  a  decade  sooner  than  dry  yarns  at  high 
stress.  Figure  5.6  compares  the  sea  water  data  for  yarns  and 
single  fibers;  unlike  the  dry  case  in  Figure  5.3,  the  wet  fiber  and 
yarn  data  are  nearly  the  same  on  the  normalized  plot. 

The  dry  yarn  data  appear  to  be  different  from  the  other  cases 
in  that  there  is  a  plateau  at  high  stress  and  a  relatively  steep 
S-N  curve.  The  static  test  results  for  the  dry  yarns  do  not  ap¬ 
pear  unusual  (Table  1)  in  that  the  strength  and  strain  to  failure 
are  similar  to  the  values  for  the  wet  case.  Typical  load-displace¬ 
ment  curves  for  dry  and  wet  yarns  are  given  in  Figuro  5.7.  These 
curves  are  also  similar  except  for  the  bump  in  the  dry  curve  at  low 
load.  This  bump  is  less  prominent  for  the  wet  yarn  and  for  single 
fibers.  One  explanation  for  the  dry  yarn  data  may  be  that  the 
fibers  are  difficult  to  straighten,  especially  with  interlaced  cases. 
Water  may  lubricate  the  yarn  and  fatigue  cycling  may  also  help  to 
shake  down  the  structure.  If  the  dry  yarns  have  a  lower  single 
cycle  strength  due  to  this  effect,  then  the  plateau  may  simply  indi¬ 
cate  that  the  shaken  down  or  lubricated  strength  would  be  higher, 
and  the  S-N  data  in  Figure  5.3  may  extrapolate  to  this  ficticious 
value.  Results  for  residual  strength  to  be  given  later  appear  to 
support  this  hypothesis,  but  further  investigation  is  required.  The 
dry  yarn  S-N  curve  may  bo  steeper  due  to  more  severe  fiber-fiber 
interactions  as  will  be  supported  later  by  fractographic  evidence. 

Reference  has  been  made  in  the  literature  (5.16,5.19)  as  to 
the  significant  effects  of  reaching  a  slack  condition  during  each 
fatigue  cycle.  The  results  given  here  are  generally  for  cases  where 
a  minimum  tensile  load  of  10%  of  the  maximum  value  is  maintained. 

The  effects  of  a  slack  load  on  dry  yarn  fatigue  were  investigated  by 
testing  in  displacement  control  using  manual  adjustments  to  main¬ 
tain  the  maximum  load.  Figure  5.8  indicates  no  significant  effect 
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of  reaching  zero  load  and  allowing  the  yarn  to  go  alack  on  each 
cycle,  as  compared  with  the  usual  conditions.  The  effect  of  a 
slack  load  could  prove  to  be  more  significant  with  rope  tests, 
where  more  relaxation  of  the  structure  is  possible. 

Figure  5.9  compares  the  sea  water  results  for  yarns  and  fi¬ 
bers  with  the  mean  lifetimes  reported  by  Bidding  (5.19)  for  1/2 
inch,  8  strand  plaited  nylon  rope.  The  rope  tests  included  a 
slack  load  on  each  cycle,  and  were  conditioned  for  one  week  in 
sea  water  prior  to  testing,  as  compared  with  the  yarn  and  fiber 
teats  which  were  conditioned  for  only  five  minutes.  The  ropes 
were  also  tested  with  an  eye-splice  at  the  ends  which  may  influ¬ 
ence  the  results.  Despite  the  many  differences  in  testing  condi¬ 
tions  and  structure,  wet  yarn  and  fiber  data  appear  to  agree  sur¬ 
prisingly  well  with  Bidding's  rope  data.  Future  work  on  this  pro¬ 
ject  will  also  involve  small  rope  tasting. 

As  mentioned  earlier,  the  fatigue  lifetime  of  polymers  may  be 
dominated  either  by  time  under  load  (cyclic  creep)  or  may  be  more 
typioal  of  metals,  involving  crack  initiation  and  growth  which 
depends  most  heavily  on  the  number  of  stress  reversals.  The  dom¬ 
inance  of  either  effect  may  be  determined  by  varying  the  fatigue 
loading  parameters  and  frequency.  Figure  5.10  gives  fatigue  data 
for  single  fibers  tested  in  air  as  a  function  of  log  time  to  fail¬ 
ure  rather  than  cycles.  The  total  test  lifetime  is  apparently  si- 
•milar  regardless  of  test  frequency  or  even  for  constant,  force,  creep 
rupture  tests.  Whil#  more  study  is  required  to  form  definite  con¬ 
clusions,  it  appears  that  the  single  fiber  lifetime  is  controlled 
to  a  first  approximation  by  the  cumulative  time  under  load  rather 
than  the  number  of  fatigue  cycles. 

Figure  5.11  gives  comparable  data  for  dry  yarns.  Here  the 
creep  rupture  curve  is  much  less  steep  than  the  cyclic  fatigue  curves, 
but  is  similar  to  the  single  fiber  creep  rupture  curve.  The  cyc¬ 
lic  results  show  a  sensitivity  of  total  test  lifetime  to  frequency. 
The  same  data  plotted  vs.  log  cycles  to  fail  in  Figure  5.12  tend 
to  fall  in  a  similar  range  independent  of  frequency.  Thus,  it  ap¬ 
pears  that  the  yarn  lifetime  in  fatigue  is  determined  by  the  number 
of  cycles  while  the  fiber  lifetime  is  determined  by  the  total  load¬ 
ing  time.  This  implies  that  the  steeper  S-N  curves  found  for  dry 
yarns  as  compared  with  fibers  may  derive  from  fiber-fiber  damage 
effects  which  would  be  expected  to  depend  on  the  number  of  cyales. 
This  may  become  even  more  important  in  tests  of  ropes. 


Residual  Property  Tests 

The  residual  property  tests  are  conducted  to  follow  changes 
in  the  properties  of  the  specimen  at  various  fractions  of  its  life¬ 
time,  typically  25,  50  and  75%  of  the  mean  lifetime  at  a  particu¬ 
lar  load.  These  properties  are  important  in  rope  applications  since 
they  give  an  indication  of  what  load,  strain,  or  energy  absorption 
the  rope  is  capable  of  after  a  period  of  use.  Figure  5.13  shows 
typical  load  vs.  displacement  data  during  the  fatigue  of  a  yarn. 

The  first  loading-unloading  cycle  contains  significant  hysteresis 
(enclosed  area)  and  permanent  strain  (which  could  relax  given  more 
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time  at  low  load) .  Further  cycling  tends  to  shift  the  curve  to 
the  right,  and  a  typical  hysteresis  loop  is  developed  represen¬ 
ting  the  cyclic  stress-strain  behavior  for  an  intermediate  cycle. 

This  may  continue  until  failure  occurs,  as  in  a  normal  S-N  test, 
or  the  cycling  may  be  stopped  and  the  stress-strain  curve  to 
failure  measured  at  that  point,  as  in  Figure  5.13.  The  final 
ramp  test  to  failure  then  gives  the  residual  strength  and  failure 
strain. 

Figures  5.14  -  5.16  give  data  for  the  residual  strength  at 
a  variety  of  load  levels  (%  ultimate  load)  and  cycles  (cycle  ratio  * 
number  of  cycles  of  fatigue  divided  by  the  expeoted  lifetime  at 
that  load  level).  The  single  fiber  data  in  Figure  5.14  show  that 
the  residual  strength  is  almost  equal  to  the  original  ultimate 
strength  at  all  conditions.  Thus,  failure  must  occur  in  a  sudden- 
death  fashion,  with  little  decrease  in  strength  before  the  fiber 
suddenly  fails.  The  data  in  Figure  5.15  for  dry  yarns  show  some 
initial  increase  in  residual  strength  at  high  loads  and  few  cycles 
over  the  normal  ultimate  strength.  At  longer  cycling  times  and 
lower  loads  some  slight  decrease  in  residual  strength  then  occurs. 

The  initial  increase  in  residual  strength  is  consistent  with  the 
shakedown  process  and  S-N  plateau  discussed  earlier.  The  decrease 
at  higher  numbers  of  cycles  is  associated  with  the  appearance  of 
some  individual  broken  fibers.  The  wet  yarn  data  in  Figure  5.16 
is  similar  to  the  dry  yarn  data  except  that  the  residual  strength 
does  not  increase  at  short  cycling  times.  This  is  consistent  with 
the  lack  of  a  plateau  in  the  S-N  curve  for  wet  yarns,  apparently  due 
to  the  lubricating  effect  of  water  on  the  single  cyale  ultimate 
strength, which  precludes  the  shakedown  process.  The  details  of  the 
shakedown  behavior  may  become  more  clear  when  rope  tests  are  run. 

Figure  5,17  shows  typical  changes  in  the  cumulative  displacement 
for  a  given  cycle  during  typical  fatigue  tests  to  failure.  The  elon¬ 
gation  is  similar  for  yarns  and  fibers  at  their  corresponding  loads 
(70%  of  ultimate) .  The  dry  yarn  shows  some  increase  in  elongation 
beyond  the  single  fiber  just  before  failure,  apparently  due  to  the 
breakage  of  some  of  the  fibers  in  the  yarn.  Figure  5.18  gives  the 
change  in  hysteresis  loop  energy  (area  under  the  load-displacement 
curve  for  a  loading-unloading  cycle) ,  for  wet  and  dry  yarns.  The 
curves  are  similar  except  for  the  large  initial  hysteresis  for  the 
dry  yarn,  which  may  just  occur  on  the  first  cycle.  This  is  another 
manifestation  of  the  shakedown  process  in  dry  yarns. 

Table  5,2  gives  data  for  the  strains  during  cycling  of  dry 
yarns  taken  from  curves  like  Figure  5.13.  The  data  at  various 
cycle  ratios  at  a  load  of  50%  of  the  initial  strength  are  all  sim¬ 
ilar,  showing  about  3%  permanent  strain  on  the  first  cycle,  10% 
residual  strain  in  the  final  ramp  test,  and  a  total  cumulative  strain 
of  16%  at  failure.  Approximately  3%  additional  "permanent"  strain 
accumulates  between  the  first  cycle  and  the  ramp  test.  The  total 
cumulative  strains  at  failure  are  all  similar,  and  are  close  to 
the  single  cycle  strain  to  failure  in  Table  5 .1. (Measured  strains 
are  slightly  greater  for  the  computer  acquired  data  shown  in  Figure 
5.17  as  a  more  refined  procedure  is  used  with  a  slightly  lower  ini¬ 
tial  load  as  the  starting  point) .  These  data  indicate  that  the 
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residual  strain  decreases’ during  fatigue,  particularly  on  the 
first  cycle.  While  the  residual  strength  may  not  change  greatly, 
the  strain  capability  and  apparent  energy  absorbing  capability  are 
reduced  measurably,  even  after  only  a  small  fraction  the  lifetime 
is  consumed.  _  . 

Fractographlc  Study 

The  study  of  damage  and  fracture  surfaces  by  scanning  electron 
microscopy  is  essential  in  understanding  the  mechanisms  of  degra¬ 
dation.  The  work  done  to  date  is  preliminary  to  a  greater  effort 
anticipated  in  future  work.  The  fracture  surfaces  of  fibers  ob¬ 
served  in  this  study  are  generally  similar  to  those  reported  in 
the  literature  (5.16).  Figure  5.19  shows  the  most  typical  geom¬ 
etry,  involving  a  generally  transverse  failure  with  an  obvious  slow 
crack  growth  region  initiating  at  one  surface.  No  unique  features 
have  been  identified  on  fatigue  vs.  static  strength  specimens . 
Figure  5.20  shows  a  second  type  of  fracture  which  is  dominated  by 
splitting  generally  parallel  to  the  fiber  axis.  Both  types  of 
failure  have  been  found  on  single  fibers  failed  in  fatigue  at  vari¬ 
ous  load  levels  and  in  air  or  sea  water.  This  finding  is  not  in 
agreement  with  literature  reports  (5.16)  which  identify  the  axial 
aracking  mode  as  indicative  of  fatigue  failures  and  requiring  a 
slack  load  condition.  Figure  5.21  shows  evidence  of  fiber-fiber 
wear  in  a  dry  yarn  specimen  after  fatigue  cycling;  while  this  may 
indicate  the  origin  of  the  steep  S-N  curve  for  this  case,  it  is 
the  only  example  found  to  date  and  its  significance  has  not  been 
established. 

Failures  of  the  type  shown  in  Figures  5.19  and  5.20  suggest 
a  fatigue  crack  growth  controlled  failure.  In  bulk  polymers  this 
would  also  suggest  a'  cyclic  rather  than  creep  dominated  behavior 
which  could  be  considered  in  a  fracture  mechanics  context.  How¬ 
ever,  the  results  for  the  strains  and  elongations  in  Figure  5.17 
and  Table  5.2  indicate  that  fiber  failure  occurs  at  the  achieve¬ 
ment  of  some  cumulative  strain  condition  typical  of  creep  rupture. 
The  similar  times  to  failure  under  differing  conditions  in  Figure 
5.10  are  also  consistent  with  a  creep  rupture  mode.  While  cracks 
are  clearly  associated  with  eventual  failure  of  the  fibers,  they 
may  not  represent  the  typical  fatigue  cracks  which  dominate  bulk 
polymer  breakdown  (5.2).  It  is  not  clear  how  fiber-fiber  damage 
which  may  ocaur  in  yarns  or  especially  in  ropes  would  change  this 
process. 


CONCLUSIONS 

Nylon  fibers  and  yarns  lose  a  significant  fraction  of  their 
strength  when  subjected  to  cyclic  fatigue  loads.  Single  fibers 
appear  to  fail  according  to  the  total  time  under  load,  regardless 
of  the  frequency  or  stress  amplitude.  Yarns  are  more  sensitive 
to  cyclic  loading  than  are  single  fibers,  losing  approximately  60% 
of  their  initial  strength  after  105  cycles;  yarn  failure  appears 
dominated  by  the  number  of  cycles  rather  than  total  time  under  load 
possibly  due  to  fiber-fiber  Interactions.  Dry  yarns  go  through  a 
shakedown  process  which  results  in  a  plateau  on  the  S-N  curve  at 
high  loads.  Short  term  seawater  immersion  causes  a  modest  reduc- 


tion  in  lifetime  under  some  conditions,  but  also  may  lubricate 
yarn  structures.  The  residual  strength  of  fibers  and  yarns  re¬ 
mains  close  to  the  initial  strength  up  to  at  least  75%  of  their 
lifetime;  the  residual  strain  to  failure  is  reduced  by  approxi¬ 
mately  40%  in  cycling,  but  the  cumulative  strain  to  failure  is 
close  to  the  strain  to  failure  in  a  single  cycle.  Preliminary 
fractographic  work  indicates  possible  fiber-fiber  damage  and 
fracture  surfaces  which  are  not  unique  to  fatigue  loading. 


FUTURE  PLANS 

Emphasis  in  future  work  will  be  in  three  areas;'  (1)  genera¬ 
ting  similar  data  for  small  diameter  ropes,  (2)  studying  the  long 
term  effects  of  sea  water  on  fibers,  yarns,  and  ropes  under  static 
and  cyalic  loads,  and  (3)  developing  conceptual  models  for  the 
mechanisms  of  degradation  at  each  level  of  structure  under  var¬ 
ious  loading  and  environmental  conditions.  The  results  of  this 
work  will  be  considered  in  the  context  of  the  work  of  other  groups 
in  the  rope  project,  including  the  rope  mechanics  studies,  com¬ 
parison  of  residual  property  data  with  used  rope  pathological 
studies,  and  nondestructive  evaluation  of  damage  generated  in 
fatigue . 
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Table  5.1 


FIBER 


YARN 


Ultimate  Load  and  Elongation 
Single  Cycle  Ramp  Tests 


Ultimate 

Ultimate 

Load 

Elongation (%) 

Air 

68.1  gm 

15.0 

(±2.0) 

(±.75) 

Sea  Water 

60.4  gm 

14.4 

H3.2) 

(±1.2) 

Air 

11.61  kg 

17.0 

'  (+.43) 

(±1*4) 

Sea  Water 

12.11  kg 

17.8 

(t. 26) 

(±1*4) 

Table  5.2 


Average  Elongation  During  Cyclinc 


At  Cycle  Loading  of  50%  UTS 


DuPont  707  Yar  In  Air 


After  First  Residual  Total/Cumulative 

Cycle (1)  Strain  (%)  Strain  to  Failure (%) 


ns  number  of  tests 
(  )  i  standard  deviation 


Cycle  Ratio  m 

1  Hz  Master  Cycle 
Sine  Wave,  Load  Control 


test  cycles 
predicted  lifetime 


bi 


u 


V  J 


6.  MECHANICAL  STUDY  OF  NEW  ROPES 


This  section  contains  short  reports  on  a  variety  of 
activities  relating  to  different  phases  of  this  program.  How¬ 
ever,  none  of  the  studies  here  described  has  been  developed  to 
the  point  where  it  warrants  presentation  in  a  separate  section. 

Structural  Changes  Incurred  During  Loading 

It  has  been  shown  in  Figs.  3.2  and  3.30  that  plied  yarn 
cross  sections  in  various  locations  in  a  3-strand  twisted  rope 
are  drastically  altered  from  a  circular  (or  trilobal)  form  as 
a  result  of  lateral  pressures.  These  pressures  vary  from 
location  to  location,  hence  the  cross  sectional  yarn  shapes 
likewise  change  significantly.  Such  departures  from  the  ideal 
geometry  of  multiple  helical  structures  must  be  accounted  for 
analytical  approaches  to  rope  mechanics. 

Since  such  embedded  yarn  sections  were  not  easily  made  for 
the  two  double  braided  rope  samples  in  tho  study,  it  was  decided 
to  observe  the  compressional  behavior  of  small  diameter  new 
double  braided  ropes.  Towards  this  end,  samples  of  1/4-in. 
double  braided  nylon  '  rope  were  embedded  in  polyester  resin, 
in  some  cases  without  tension  and  in  other  cases  with  a  con¬ 
stant  tensile  load.  After  hardening  of  the  polyester,  the 
embedded  specimen  was  cut,  polished,  photographed,  then  traced 
in  profile.  The  resulting  cross  sectional  profiles  are  seen 
in  the  following  figures. 

Figure  6.1A  shows  a  cross  section  of  a  hollow  braid 
(double  braid  with  the  center  braid  removed)  under  high  tension 
(100  lbs)  and  Fig,  6.1B  shows  the  same  hollow  braid  under 
negligible  (20  gf)  tension.  The  lateral  contraction  due  to 
the  application  of  tension  is  drastic  and  suggests  the  impor¬ 
tance  of  lateral  pressures  between  cover  and  core  in  analysis 
of  double  braided  ropes. 

Figures  6.2A  and  B  show  the  full  1/4-in  double  braided 
rope  with  both  cover  and  core  at  200  and  at  600  lbs  tension, 
respectively.  The  lateral  contraction  due  to  the  load  increase 
is  evident,  as  is  the  change  in  the  core  yarn  section  shapes 
at  the  higher  tensile  load. 

Next  embedded  was  a  specimen  of  1/4-in  double  braided 
rope  which  was  then  sectioned,  polished,  and  profiled.  Traces 
of  the  cover  yarns  only  are  shown  in  Figs.  6.3A  to  F.  Each 
successive  figure  represents  a  new  cut  just  below  the  previous 
cut.  Thus,  the  sequence  of  Figs.  6.3A  to  6.3F  permits  the 
reader  to  trace  the  relative  movement  of  four  pairs  of  yarns 
as  they  move  helically  around  the  cover  braid.  One  pair  has,  a 
left  hand  cross-hatch,  the  other  a  right  hand  cross-hatch. 

Note  in  the  lower  part  of  Fig.  6.3A  there  are  two  pairs  of  yarns 
lying  one  above  the  other.  In  Fig,  6.3B  the  lower  left  hand 
cross-hatch  pairs  move  to  the  left,  while  the  right  cross-hatch 
pair  moves  to  the  right.  This  same  movement  continues  in 


6.1 


Figure  6.3C,  further  in  Fig.  6. 3D,  still  further  in  Fig.  6.3E, 
and  so  on.  Notice  also  that  each  pair  not  only  moves  helically 
around  the  invisible  cylinder  constituting  the  core  braid,  but 
also  each  pair  alternates  from  the  inside  of  the  braid  cover  to 

the  outside. 

The  patterns  of  Fig*  6.3  strongly  suggest  that  the  path 
of  the  yarn  pairs  moving  about  the  braid  cover  can  be  approxi¬ 
mated  by  superimposing  a  sinusoidal  motion  along  the  direction 
of  the  principal  helix  normal,  as  the  yarns  helically  encircle 
the  braid  cover.  By  connecting  the  sections  of  yarns  moving 
in  the  same  direction  in  a  single  cross  sectional  view,  as  is 
done  in  Fig.  6.4,  one  sees  the  potential  of  the  superposition 
of  helical  and  sinusoidal  motion.  This  superposition  can  be 
carried  out  going  back  to  the  differential  geometry  of  the 
helix,  noting  that  for  a  single  helix  we  have: 


A  A  A 

X  “  r  cos9  i  +  r  sin0  j  +  r9  cotq  k 

9 


where 


»•  the  position  vector  of  the  helix 

r  -  the  mean  radius  of  the  braided  structure  (core 
or  cover 

0  -  the  rotation  angle  along  the  Z  axis. 


with 


:s "  ar: 


_  i 

Ns  -  it  ar 

s 


we  have 


N  *  -  cose  i  -  sin0  j 

0 

Let  us  assume  the  sine  waves  are  superimposed  onto  the  single 
helix  in  the  normal  direction  with  a  frequency  of  T.  Then,  we 
have  the  position  vector  Kdb  f°r  the  double  braided  rope  as: 

KDB  “  *s  4  ry  ainT6 

A  A 

■  (r  -  r  sinT0)  cos0  i  +  (r  -  ry  sinTO)  sin0  j 

A 

+  r0  cotq  k 

where  ry  is  the  radius  of  the  plied  yarn. 


This  implies: 
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where 


A  -  ^(r2  +  r2T2  +  r2cot2q) 
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DB 


©■2-rr 
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Comparisons  between  experimental  data  and  the  results  cal¬ 
culated  from  this  equation  for  Samson  2-in-l  1/4-in  double 
braided  rope  have  been  found  to  agree  within  a  few  per  cent. 

Hardness  and  Bonding  Rigidity  Scanner 

The  extensive  data  reported  in  Section  2  and  relating  to 
properties  of  fibers  from  worn  ropes ,  obviously  suffer  from 
significant  sampling  problems.  Tha  primary  sampling  decision 
was  already  completed  when  one  15-ft  sample  of  each  of  the 
ropes  was  selected  and  forwarded  to  M.I.T.  Records  indicated, 
with  a  few  descriptions,  that  the  remaining  segments  were  in 
fair  condition,  or  worn,  or  fuzzy,  etc.  No  further  data  were 
available  as  to  the  state  of  the  rope  in  specific  locations. 
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To  provide  such  data  on  an  objective  basis,  it  was  con¬ 
sidered  desirable  to  design  and  construct  an  instrument  to  scan 
specific  properties  of  rope  in  a  continuous  run.  Such  a  device 
was  constructed  to  measure  the  thickness,  the  lateral  hardness 
and  the  bending  rigidity  of  rope  on  a  continuous  basis.  The 
device  was  assembled  at  the  end  of  the  year  and  preliminary 
experiments  were  run  on  9”  3- strand  twisted  rope,  and  on  9" 
double  braided  rope.  A  sketch  of  the  device  is  shown  in  Fig. 

6*5.  It  consists  of  two  freely  revolving  grooved  wheels,  one 
weighted,  freely  revolving,  grooved  wheel  and  one  freely 
revolving  disk.  The  thickness  tests  are  run  with  the  rope 
placed  between  the  weighted  grooved  wheel  and  the  (raised) 
disk,  with  a  displacement  sensor  provided,  as  well  as  a  recorder 
to  document  the  vertical  displacement  of  the  weighted  roller 
during  passage  of  the  rope  through  the  instrument.  Thickness 
scans  run  at  different  weight  levels  provide  a  continuous 
measure  of  rope  deformation  under  different  lateral  loads,  hence 
a  hardness-related  quantity. 

The  bending  tests  are  conducted  with  the  disk  in  the  lower 
position  shown  in  Fig.  6.5.  The  rope  is  now  moved  over  the 
roller  on  the  right,  under  the  center,  weighted  roller  and  over 
the  roller  on  the  left.  This  displacement  record  now  represents 
the  deformation  of  a  fixed  span  of  rope  under  given  central 
loads,  a  quantity  related  to  the  bending  rigidity  of  the  rope. 
Care  is  taken  to  feed  the  rope  from  a  horizontal  plane  directly 
onto  the  pulley  at  the  right  and  tensions  are  maintained  at  a 
minimum. 

Teats  have  been  conducted  thus  far  in  the  bending  and  in 
the  hardness  mode,  employing  manual  feed.  This  aspect  introduces 
a  potential  time  shift  in  the  hardness  trace.  Nonetheless,  it 
is  possible  to  demonstrate  the  reproducibility  of  the  measure  in 
a  series  of  tests  conducted  on  a  worn  9"  double  braided  rope  as 
shown  in  Fig.  6.6.  In  this  plot  are  reported  the  results  of 
five  test  scans  of  hardness— three  on  one  arbitrary  orientation 
of  the  rope  (Position  1)  and  two  on  an  orientation  at  90°  to 
the  first  run  (Position  2).  To  aid  the  reader  in  recognizing 
the  pattern  similarity  in  the  three  repeat  tests  and  in  the  two 
repeat  tests,  numbers  are  added  to  the  plot  to  identify  unique 
peaks  and  valleys  of  vertical  displacement.  The  reproduci¬ 
bility  of  the  patterns  is  evident,  allowing  for  the  horizontal 
shift  due  to  variations  in  rate  of  manual  feed. 

Tests  of  this  type  are  to  be  applied  to  the  set  of  worn 
ropes  waiting  for  strength  tests  at  the  Coast  Guard  Research 
Center  in  Groton.  And  arrangements  have  been  made  to  follow 
the  change  in  successive  rope  scans  during  actual  use  life  of 
selected  ropes. 


Crushing  of  Filaments 

Scanning  Electron  Microscopy  photographs  of  Section  3 
indicate  the  presence  of  lateral  compression  and  embossing  of 
filaments  in  tdie  high  pressure  zones  of  the  3-strand  twisted 
rope.  There  is  some  evidence  of  filament  strength  loss  in  the 
presence  of  such  compression.  But  it  is  not  known  whether  such 
axial  strength  reduction  is  directly  caused  by  the  lateral 
deformation  or  indirectly  caused  by  increased  frictional  attrition 
accompanying  the  high  lateral  pressures.  To  help  answer  this 
question  a  number  of  compressional  tests  were  conducted  on  20  mil 
PET  monofilaments. 

The  monofilaments  were  first  compressed  laterally  between 
flat  platens  without  axial  tension.  They  were  released  and  tested 
for  tensile  strength,  and  SEM  examinations  were  then  conducted  at 
fracture  points.  In  a  second  series  of  tests,  the  monofilaments 
were  tensile  tested  on  the  matron  during  application  of  lateral 
compression  from  surrounding  monofilaments. 

The  two  testing  modes  are  shown  in  Fig.  6.7A  for  platan  com¬ 
pression  before  tensile  testing  and  6.7B  for  tensile  testing  in 
the  presenae  of  lateral  compression.  The  results  for  platen 
compression  followed  by  tensile  tests  are  shown  in  Fig.  6.8A,B, 
Residual  or  plastic  lateral  deformation  is  plotted  against  total 
applied  deformation  in  Fig.  6.8A  and  residual  tensile  strength 
vs.  residual  lateral  deformation  in  Fig.  6.8B.  Surprisingly, 
little  tensile  strength  loss  is  observed  for  residual  deformations 
up  to  4  mils  (20%  diameter  reduction)  corresponding  to  applied 
deformations  up  to  8  mils  (or  40%,  based  on  the  original  diameter). 
Between  residual  deformations  of  4  mils  to  7  mils,  strength  losses 
of  10%  to  20%  are  reaorded. 

In  the  presenae  of  a  low  residual  lateral  deformation  of  1.2 
mils,  longitudinal  axial  cracks  are  in  evidence  in  the  fractured 
end  view  of  the  monofil.  Such  cranking  can  be  seen  in  Fig.  6.9A,B 
yet  literal  bonding  between  "fibrillar"  components  is  still  strong 
enough  to  hold  the  structure  together.  Once  failure  takes  place 
in  such  a  structure,  the  locally  released  stress  is  transferred 
to  adjacent  fibrillar  components,  leading  to  their  failure  and  to 
fracture  propagation  across  the  filament  section  in  a  well  defined 
fracture  surface,  e.g.  in  Fig.  6.9A,B.  However,  as  lateral 
arushing  increases,  the  lateral  bonding  forces  are  reduced  and  the 
monofilaments  behave  more  like  loosely  bonded  "fibrillar"  com¬ 
ponents.  Now,  upon  initial  failure  of  one  segment  of  the  filament, 
cracks  tend  to  propagate  along  the  filament,  as  well  a*  across 
its  section.  The  sequence  of  fracture  surfaces  seen  in  monofila¬ 
ments  exposed  to  successively  higher  lateral  deformations  is 
seen  in  Figs.  6.9C,D,E,F  which  manifest  striational  structures 
and  "tailing"  breaks.  The  delamination  present  in  Fig.  6.10A  is 
not  unlike  the  delamination  shown  in  Fig.  6.10B  representing  the 
chafing  of  a  filament  at  a  "hard"  zone  in  a  3-strand  twisted  rope. 

The  lateral  load  deformation  behavior  of  monofilaments 
(similar  to  those  used  in  the  rope  study)  has  been  studied  in  the 
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Fibers  and  Polymers  laboratory  and  reported  earlier  [3.3]. 

Figure  6.11A,B  provides  a  summary  of  such  measurements,  indicating 
a  moderately  linear  behavior  in  lateral  compression  up  to  the 
order  of  10%  change  in  diameter.  This  is  consistent  with  the 
results  of  the  current  study  plotted  in  Fig.  6.8A. 

These  data  are  limited,  but  they  do  indicate  that  axial 
strength  reduction  for  the  one  monofilament  studied  is  limited 
for  residual  diametral  deformations  of  less  than  20%.  They  also 
indicate  that  its  axial  strength  loss  for  extreme  lateral  com¬ 
pressions  is  of  the  order  of  less  than  20%.  Such  observations, 
coupled  with  the  evidence  of  linear  elastic  behavior  in  lateral 
compression  up  to  10%  diametral  reduction  for  four  different 
monofilaments,  suggests  in  a  preliminary  way  that  the  direct 
effect  of  inner  rope  pressure  on  filament  axial  strength  may  not 
be  a  serious  factor  in  deterioration  of  synthetic  fiber  rope.  It 
remains,  however,  to  conduct  further  tests  according  to  the  method 
of  Fig.  6.7B,  or  by  similar  technique.  The  effect  of  lateral 
pressure  on  the  local  frictional  attrition  is  an  entirely  differ¬ 
ent  matter,  also  a  subject  for  further  investigation. 


Self  Induced  Twisting  of  Ropes 


It  has  been  noted  that  ropes . being  pulled  over  curved  sur¬ 
faces  will  tend  to  twist  under  certain  running  conditions.  Such 
twisting  may  lead  to  excessive  torque,  even  to  torsional  buckling 
or  heckling  with  subsequent  localized  rope  damage.  In  the  case  of 
a  mountaineer  repelling  down  a  cliff  face  and  controlling  his  rate 
of  descent  by  looping  his  rope  around  a  metal  pin  or  ring,  the 
torsion  thus  induced  could  cause  him  to  rotate  about  the  axis  of 
the  supporting  line,  creating  a  dangerous  situation.  A  like 
danger  is  present  for  personnel  descending  from  a  helicopter,  or 
for  firefighters  descending  the  wall  of  a  building.  Accordingly, 
it  was  deemed  worthwhile  to  study  this  phenomenon  of  induced 
twisting. 


The  study  has  been  experimental  thus  far,  with  some  analyti¬ 
cal  components*  The  experiments  have  been  conducted  in  both 
unsteady  and  steady  state  running  conditions.  In  all  cases,  the 
rope  specimen  ( 1/4 M  diameter)  has  been  wrapped  360°  around  a 
metal  or  plastic  (PMMA)  rod  and  relative  translational  motion  has 
been  effected,  ei tiler  by  moving  the  pin  along  a  rope  held  at  both 
ends,  or  by  maintaining  the  pin  in  a  fixed  position  with  rope 
motion  induced  by  pulley  rotation.  The  variables  of  the  system 
were:  the  type  of  rope  (i.e.  whether  double  braided  or  3-strand 
twisted),  the  pin  diameter  and  material,  the  angle  between  the 
pin  axis  and  the  rope  path  (upstream  and  downstream)  and  the 
rope  tension.  The  dependent  variable  in  these  experiments  was 
the  rate  of  rope  rotation,  determined  by  counting  the  revolutions 
of  a  flag  or  a  marker  on  the  rope  during  a  given  test  sequence. 


During  transient  runs,  the  test  set-up  was  that  sketched  in 
Fig.  6.12  showing  rope  positions  at  which  rotations  were  measured. 
Figure  6.13  presents  typical  results  of  rope  rotation  vs.  rope 
position  as  a  function  of  pin  angle  (t;o  rope  path) .  It  is  clew 


that  the  induced  twist  increases  significantly  as  the  pin  angle 
is  reduced  from  90°  to  45°.  This  dependence  on  pin  angle  is 
confirmed  in  steady  state  tests  using  rope  pulleys.  It  is  noted 
that  the  starting  rope  tension  in  the  tests  of  Fig.  6.13  was 
10  lbs.  When  this  initial  tension  was  decreased  to  5  lbs,  the 
same  effect  of  pin  angle  was  observed,  but  with  a  drastic  reduc¬ 
tion  in  the  magnitude  of  rotation  at  all  positions  and  at  all 
angles,  in  contrast,  when  the  starting  tension  was  raised  to 
15  lbs  and  to  20  lbs,  the  same  trends  and  the  same  magnitudes  of 
rotation  rates  were  observed  as  at  10  lbs  tension.  In  short,  a 
step  increase  in  rotation  occurred  above  5  lbs  initial  tension, 
then  the  rotation  rate  was  essentially  constant  with  further 
increases  in  tension. 

The  effect  of  pin  diameter  was  noted  to  be  significant, 
with  a  doubling  of  the  pin  diameter  resulting  in  a  halving  of  the 
rotation  rate  in  a  given  rope.  Further,  it  was  noted  that 
shifting  from  a  steel  pin  to  a  PMMA  rod  significantly  increased 
the  rotation  rate.  And,  finally,  it  was  observed  that  changing 
the  direction  of  pin  wrap  for  the  braided  1/2-in  diameter  rope 
simply  changed  the  direction  of  rotation,  but  not  the  magnitude 
of  rotation  rate.  A  similar  change  for  the  1/4"  3-strand  twisted 
rope  resulted  in  significant  differences  in  the  rate  of  rotation. 

The  behavior  of  the  rope  about  the  pin  is  deemed  to  be 
caused  by  the  forced  geometric  path  of  the  helical  pin  wrap,  in 
short,  by  the  induced  geometric  torsion  of  tho  rope.  This  tor¬ 
sion  is  known  to  equal  sin28/2R  (where  8  is  the  helix  angle  of 
wrap  and  R  is  the  combined  pin  and  rope  radius) .  Thus,  the 
geometric  torsion  is  observed  to  peak  at  3  *  45°,  a  feature  par¬ 
tially  observed  in  the  transient  test  data  of  Fig.  6.13  and  fully 
observed  in  the  transient  test  data  of  Fig.  6.13  and  fully 
observed  in  subsequent  tests  under  steady  state  conditions. 

The  rope  twist  which  is  manifested  upstream  in  the  steady 
state  test  and  both  upstream  and  downstream  in  the  transient  test 
is  caused  by  rotational  slippage  of  the  rope  over  the  pin-contact 
entry  zone  and  the  pin-contact  exit  zone.  In  short,  the  fric¬ 
tional  restraint  on  rope  rotation  in  the  entry  and  exit  zones  is 
not  sufficient  to  effect  a  sudden  step  drop  in  rope  torque  from 
the  helical  path  zone  to  the  straight  entry  end  zones.  The 
transient  occurrence  of  this  phenomenon  has  been  studied  by 
D.  Skeels  [6.1]  and  the  investigation  of  the  steady  state  condi¬ 
tion  is  being  continued  by  M.  Oliviera. 

Structural  Mechanics  of  Ropes 

Major  emphasis  in  the  initial  mechanics  studies  of  this  pro¬ 
gram  has  been  given  to  the  3-strand  twisted  rope,  although  some 
preliminary  geometric  consideration  has  been  given  to  ths  double 
braided  rope  structures  of  Figs.  6.1,  6.2  and  6.3. 


The  basic  structure  of  the  3-strand  rope  can  be  displayed  in 


a  variety  of  ways,  as  has  been  done  in  Pig.  3.1  and  Fig.  3.3. 

The  basic  geometry  of  the  rope  is  displayed  in  Fig.  6.14  with 
conventional  notations  from  differential  geometry  of  a  circular 
helix.  It  is  seen  that  the  basic  helix  is  that  formed  by  the 
strand  about  the  rope  axis.  A  secondary  helix  is  formed  by  the 
plied  yarn  axis  about  the  strand  axis  and  a  tertiary  helix  by  the 
rope  yarn  around  the  plied  yarn  axis.  One  can  go  on  concerning 
the  path  of  the  textile  yarn  about  the  rope  yarn  axis  and  the 
filament  about  the  textile  yarn  axis,  but  the  double  (or,  at. most, 
the  triple)  helix  of  Fig,  6.14  should  suffice  for  the  purpose  of 
predicting  rope  behavior  in  monotonic  tension  or  in  cyclic  loading. 

The  key  geometric  parameters  of  these  various  components  of 
the  3-strand  rope  are  the  local  orientation  (or  obliquity)  angle, 
the  local  path  curvature  and  path  torsion,  and  the  path  length 
within  given  limits.  The  exact  expressions  for  these  geometric 
parameters  have  been  published  in  the  tire  cord  literature  [6.2] 
and  will  not  be  repeated  here.  Suffice  to  say  that  lengths  of 
plied  yarns  in  various  layers  of  a  strand  of  rope  4  have  been  cal- 
sulated  according  to  the  geometric  relationships  for  a  full  turn 
of  the  strand  about  the  rope.  Direct  measurements  made  of  the 
corresponding  lengths  at  the  surface  and  in  first  and  second  sub¬ 
layers  are  in  agreement  with  the  calculated  values  to  within  6%. 

The  tensile  mechanics  of  the  plied  yarns  can  be  approached 
by  use  of  energy  methods  as  proposed  by  Treloar  [6.3],  but  it  is 
doubtful  that  these  methods  can  be  extended  for  the  treatment  of 
fracture  initiation  and  fracture  propagation  in  plied  yarns. 
Nonetheless,  the  energy  method  may  be  applied  to  the  two  extreme 
instances  in  yarn  mechanics,  first  for  the  case  of  frictionless 
filaments,  where  tensions  are  constant  along  the  length  of  each 
filament,  and  second  for  the  case  of  total  friction  (no  freedom 
of  movement)  where  local  component  strain  is  a  function  primarily 
of  local  obliquity  to  the  axis  of  the  next  higher  order  component. 

The  real  situation  in  3-strand  ropes  obviously  lies  between 
these  two  extremes  and  permits  some  filament  and  yarn  slippage 
from  locations  of  low  tension  to  those  of  high  tension.  Clearly, 
the  degree  of  slippage  in  any  instant  is  dependent  on  the  relative 
levels  of  tension  in  the  two  zones  and  on  the  degree  of  slippage 
restraint  related  to  local  lateral  pressures  and  frictional 
coefficients.  The  role  of  friction  can  be  easily  demonstrated  by 
removing  the  finish  and/or  waxes  from  a  rope  and  then  replacing 
them  with  various  levels  of  lubrication. 

The  approach  which  is  being  taken  at  present  is  to  determine 
the  lateral  pressure  distribution  based  on  the  alternate  assump¬ 
tions  of  (1)  complete  freedom  of  filament  slippage  and  (2)  com¬ 
plete  restraint.  The  potential  for  slippage  between  tension 
extremes  in  the  no-slip  case  will  then  be  determined,  based  on 
the  restraints  possible  under  the  alternative  pressure  distribu¬ 
tion  assumptions.  The  reordering  of  the  stress  distributions 
will  follow  based  on  the  slippage  patterns  established.  The 
process  will  be  reiterated  until  a  steady  state  is  determined. 


As  to  rupture  initiation,  efforts  will  be  directed  towards 
superposition  of  the  damage  distributions  such  as  have  been  ob¬ 
served  in  the  pathological  studies  of  Section  3.  At  this  point, 
resort  will  be  had  to  recently  developed  statistical  techniques 
of  numerous  other  workers  in  the  field.  Particular  emphasis  is 
being  given  to  the  works  of  Zweben  and  of  Phoenix. 

The  remaining  important  aspect  of  mechanics  of  rope  struc¬ 
tures  is  that  of  tensile  fatigue  of  twisted  structures.  An 
extensive  study  of  fiber  fatigue  has  been  presented  in  Section  5 
with  emphasis  on  single  fiber  and  low  twist  yarn  fatigue,  as  well 
as  on  stress  corrosion  cracking  in  synthetic  filaments.  A  study 
is  also  underway  to  explore  the  fatigue  behavior  of  higher  order 
rope  structures,  both  in  theory  and  in  experiment. 

The  approach  being  taken  is  to  consider  fatigue  failure  as 
consisting  of  two  elements:  first,  a  pure  tensile  cycling  fatigue 
(as  discussed  in  Section  5)  occurring  in  a  twisted  structure 
whose  lateral  pressures  vary  as  a  function  of  local  geometry.  The 
model  for  simple  tensile  fatigue  is  based  on  the  assumption  of 
earlier  failure  of  filaments  at  maximum  cycling  stress,  followed 
immediately  by  redistribution  of  relieved  stresses  to  adjacent 
rings.  In  effect,  than,  cyclic  stresses  on  middle  zone  filaments 
will  not  maintain  constant  stress  amplitudes  but,  rather,  in¬ 
creasing  stress  amplitudes  as  ruptures  sequentially  propagate 
outward  from  the  initial  failure  zone.  Clearly,  the  pure  tensile 
faiigue  behavior  of  single . filaments  under  monotonically  increasing 
stress  amplitudes  must  be  determined  experimentally  as  a  basis 
for  this  model  development. 

Summarv/Conclusions/Puture  Plana 
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The  departure  from  ideal  cross  sectional  yarn  geometry  upon 
application  of  rope 'tension  has  been  illustrated  for  double 
braided  ropes.  And  residual  cross  sectional  deformations  have 
been  recorded  for  3-strand  twisted  rope.  The  importance  of  these 
departures  from  round  or  elliptical  or  trilobal  geometries  has 
not  been  established,  but  it  will  be  a  subject  for  further  study. 

Hardness  and  bending  rigidity  scans  along  a  rope  length  have 
been  made  possible  by  construction  of  a  special  deformational 
scanner  working  in  two  possible  modes.  A  variety  of  3-strand 
ropes  and  double  braided  ropes  has  been  scanned  in  repeat  tests 
of  hardness  or  of  bending  rigidity,  and  good  reproducibility  of 
the  data  has  been  noted.  At  the  same  time,  it  was  noted  that 
entry  and  exit  conditions,  e.g.  initial  curvature,  and  back  ten¬ 
sion  both  influenced  the  resulting  scans.  Future  tests  will  be 
modified  to  control  these  features.  At  the  same  time  it  should 
be  stressed  that  the  bending  test  gauge  length  is  short 
(i.e.  i/d  *  6)  and  the  deformation  angles  are  small,  thus  sup¬ 
pressing  the  effect  of  line  tension. 

Scans  are  to  be  made  of  the  remaining  rope  specimens  retained 
by  the  Coast  Guard  Laboratories  at  Groton.  And  these  worn  ropes 
will  be  subjected  to  tensile  tests  by  Mr.  Bitting.  This  affords 
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a  good  opportunity  to  determine  the  potential  utility  of  the 
scanning  tests.  For  the  time,  it  can  be  stated  without  reserva¬ 
tion  that  each  worn  rope  has  its  own  fingerprint  as  determined  by 
a  hardness  or  bending  rigidity  scan.  It  remains  to  establish  the 
significant  parameters  of  such  scans. 

Crushing  of  filaments  in  a  rope  center  due  to  tension-in¬ 
duced  lateral  pressures  does  not  appear  to  be  a  serious  problem 
for  nylon  and  PET  ropes.  Still,  some  evidence  of  filament  com¬ 
pression  was  seen  in  filaments  extracted  from  the  worn  rope 
series.  The  importance  of  lateral  stresses  may  be  expected  to 
increase  as  one  moves  from  nylon  or  PET  to  aramid  filaments  known 
to  have  comprassional  vulnerability.  For  this  reason,  some  addi¬ 
tional  work  is  planned  concerning  compressional  effects  on  fila¬ 
ment  performance. 

Self-induced  twisting  of  ropes  has  been  reproduced  under 
laboratory  conditions  and  a  good  start  has  been  made  on  analysis 
of  the  phenomenon.  Completion  of  the  analysis  and  of  verifying 
experiments  is  planned  for  the  current  year. 

Study  of  the  structural  mechanics  of  rope  structures  has 
been  initiated  this  year,  but  kept  at  a  low  level,  while  emphasis 
was  put  on  mechanical  pathology  of  worn  ropes.  During  the  coming 
year,  this  emphasis  will  be  reversed,  and  structural  mechanics 
will  receive  major  attention.  The  subjects  to  be  considered  are: 
(1)  tensile  strength  of  rope  structures  based  on  knowledge  of 
average  filament  properties  and  of  rope  geometry,  (2)  tensile 
strength  of  worn  ropes  with  patterns  of  deterioration  such  as 
reported  in  Section  3  of  this  report,  (3)  cyclic  tension  fatigue 
behavior  of  new  ropes  based  on  knowledge  of  fatigue  properties  of 
individual  yarns,  and  (4)  cyclic  bending  fatigue  behavior  of 
worn  ropes  with  patterns  of  deterioration  such  as  reported  in 
Section  3 . 
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Cross  Sectional  Profiles  Successively  Cut  in  a 
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Cross  Sectional  Profiles  Successively  Cut  in  a 
1/4-in  Double  Braided  Rope 

Locus  of  Yarn  Movement  in  Cover  of  a  Double  Braided 
Rope 

Hardness-Bending  Rigidity  Scanning  Instrument 

Hardness  and  Profile  Test  of  a  Used  Double  Braided 
Rope 

Testing  Modes 

Plastic  Deformation  vs.  Total  Deformation 
Breaking  Strength  vs.  Plastic  Deformation 

Fractography  of  Laterally  Crushed  Monofilaments 

Fractography  of  Laterally  Crushed  Monofilaments 

Load  Deformation  Behavior  of  PET  Monofilaments  (1,2) 
in  Lateral  Compression 

Load  Deformation  Behavior  of  Nylon  66  Monofilaments 
(1,2)  in  Lateral  Compression 

Test  Equipment  to  Measure  Induced  Twist 

Effects  of  Varying  Pin  Angle  with  Jonstant  Tension 

Geometry  of  Three-Strand  Twisted  Rope 


PpSMEp 

MU 


FTG,  6,1  a  AND  3,  CROSS  SECTIONAL  PROFILES  OF  1/4  in,  DOUBLE 

BRAIDED  ROPE  WITH  CORE  REMOVED  (a)  AT  300  lbs 
TENSION,  (b)  AT  20  gf 
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CROSS  SECTIONAL  PROFILES  SUCCESSIVELY  CUT  IN  A  1/R  l«.  DOUBlf 

braided  rope. 


Plastic  Deformation  3.6  mil,  xlOO 


(d)  Plastic  Deformation  5,4  mil,  xlOO 


Fractography  of  Laterally  Crushed  Monofilaments 


BEHAVIOR  OF  PET  AND  NYLON  66 
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FIG.  6.11a  Load  Deformation  Behavior  of  PET  Monofilaments  (1,2; 
in  Lateral  Compression 
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FIG.  6.11b  Load  Deformation  Behavior  of  Itylon  66  Monofilaments 
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(1,2)  in  Lateral  Compression 
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